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To continue running our civilization on fossil fuels while avoiding global warming and ocean
acidification, anthropogenic carbon dioxide must be diverted from atmospheric release. For
geologic carbon sequestration, the injection of CO2 into the lithosphere, to operate at the
necessary large scale requires an understanding of the multiphase flow properties of high-
pressure CO2 displacing brine in porous media. A laboratory-scale core flooding reactor has
been built to measure flow properties at in situ pressures, salinities, and temperatures. The
reported set of experiments was designed to measure CO2 relative permeability for CO2
displacing brine at residual brine saturation. Endpoint drainage CO2 relative permeability
was found to be tightly clustered around 0.35–0.4. These values indicate that CO2 is not
strongly nonwetting, and are characteristic of weakly water-wetting or intermediate wetting
flow. Based on these results, CO2 injectivity will be reduced, pressure-limited reservoirs
will have reduced capacity, and inclined area-limited reservoirs will have increased capacity.
Future reservoir-scale modeling efforts should incorporate sensitivity to relative permeabil-
ity. Assuming the majority of reservoirs are pressure limited and if the experimental results
reported here are found to apply to other lithologies as well, geologic carbon sequestration
at scale will require approximately twice the number of storage sites, wells, reservoirs, and
the related infrastructure, personnel, and cost.
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Terminology
This dissertation is highly interdisciplinary, combining various earth science and engineering
disciplines. The dissertation therefore contains terms that, while common in one field, are
completely foreign in others. I have made an attempt to define terms as they are introduced,
italicizing the first usage, with more formal definitions included in a glossary located in
Appendix B. Similarly, I have endeavored to introduce ideas starting from basic principles,
but in the interest of space some details must invariably be omitted. I have therefore
made an effort to include references to appropriate textbook(s) or review article(s) upon
the introduction of a new subject.
xi
Symbols
g Acceleration due to gravity
k Permeability
kr Relative permeability
kor Endpoint relative permeability














Snr Residual nonwetting phase saturation
Swr Residual wetting phase saturation
















Anthropogenic carbon dioxide release into the atmosphere causes global warming and ocean
acidification (IPCC, 2007). At present, our civilization relies on oxidation of reduced fossil
carbon for energy, with carbon dioxide emissions a direct consequence. While it would be
more elegant to avoid carbon dioxide emissions by changing to other sources of energy, the
burning of coal, natural gas, and oil cannot stop overnight without quite literally turning
off all the light bulbs, ceasing all the mechanized agriculture used to feed a population
of 6 billion and counting, and shutting down all the hospitals that double and triple our
years of life on (and off) this planet. A solution must therefore be found for the interim
carbon dioxide emissions. Carbon dioxide capture and storage has been proposed as a
technological means of diverting carbon dioxide emissions from release into the atmosphere
(IPCC, 2005). In the atmosphere carbon dioxide absorbs infrared radiation, causing global
warming, while in the ocean carbon dioxide reacts with water to form carbonic acid, causing
ocean acidification. Only the lithosphere remains for safe disposal.
Carbon Sequestration
Returning fossil carbon to the lithosphere will require a significant scale up of operations.
Figure 1 provides an overview of carbon capture and sequestration (IPCC, 2005). Fossil
carbon originates as coal, oil, or natural gas, is oxidized and turned into useful energy, and
the waste carbon dioxide is captured and injected underground. Reduction of carbonates
during cement and certain types of metal production is a further source of carbon, while
xiii
biofuels or air capture provide the possibility of reducing atmospheric CO2 concentrations.
Figure 2 provides an overview of geologic carbon dioxide sequestration. The crustal litho-
sphere is predominantly saturated with either brine or hydrocarbons. The most economical
projects will use CO2 in enhanced oil recovery to push more oil out of the ground or en-
hanced coal bed methane to push adsorbed natural gas out of unmineable deep coal seams.
In these projects, losing CO2 into a reservoir can be profitable by displacing higher value
hydrocarbons. However, these opportunities displace a similar amount of fossil carbon
whose CO2 emissions must then be disposed. Geologic CO2 sequestration must, there-
fore, predominantly consist of injecting CO2 into brine-filled aquifers. Due to the risk of
buoyancy-driven leakage, it is expected that sequestration reservoirs will need to be at high
pressure to ensure dense phase CO2, typically assumed to be at least the CO2 supercritical
pressure, 73.9 bars. Because of the geothermal gradient, most aquifers at the necessary
pressures will be at supercritical CO2 conditions, while subsea bed reservoirs may reside
at either liquid or supercritical CO2 conditions. The scale required to handle the approx-
imately 30 gigatons of annual CO2 emissions is massive, and would be roughly ten times
the size of the present day oil infrastructure (Smil, 2003).
Carbon Sequestration in Deep Ocean Sediments
Buoyantly stable sequestration of CO2 in deep ocean sediments combines the gravitational
stability of deep ocean sequestration with the isolation of CO2 from the atmosphere-ocean
system provided by geologic sequestration (Koide et al., 1997) (see Figure 3), at a scale
potentially exceeding all anthropogenic emissions (House et al., 2006; Bielicki, 2007).
Levine et al. (2007) in Appendix A.1 showed that while the theoretical disposal capacity
of deep ocean (pelagic) sediments is set by the depth of the stable neutral buoyancy level,
porosity, and the availability of sediments, in practice, the capacity will be set by the
ability to place the CO2 into the sediments. Pelagic sediments consolidate with increasing
depth of burial as a result of mechanical and chemical diagenesis, transitioning from plastic
ooze to brittle rock. Oozes deform plastically and are mechanically unstable. Therefore,
CO2 injection must occur below the ooze layer, some tens to hundreds of meters below the
seafloor. Furthermore, injection will need to avoid shallow depths where hydrates formation
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Figure 1: An overview of carbon capture and sequestration. (IPCC, 2005)
might prevent flow out of the injection well, requiring a depth of some hundreds of meters
below the seafloor depending on the temperature profile of the sediments.
Gravitational carbon dioxide disposal in deep ocean sediments was classified according to
the permeability, availability, and geological complexity of each lithology. Clay sediments are
very common, but are impermeable, motivating their traditional role as impermeable seals,
and injection could only proceed by reinventing reservoir engineering to rely on the fractures
themselves for all storage capacity. Turbidites and volcanic sands are less common and have
better permeability but are geologically more complex and require detailed geologic analysis.
Calcareous sediments are the most common, but have marginal permeabilities, on the order
of 10–100 µD, requiring reservoir upgrading to achieve reasonable injection rates. Since
carbonate dissolution is not expected to provide the necessary orders of magnitude increase
in flow, reservoir upgrading will need to rely on hydraulic fracturing to achieve reasonable
flow rates. The mechanical structure of pelagic sediments and the absence of a mechanical
caprock were shown to create the possibility of fracturing directly to the seafloor, creating
xv
Figure 2: An overview of geologic carbon sequestration. (IPCC, 2005)
conduits from the injection well directly to the seafloor, thereby bypassing the sediments.
Furthermore, fluid-filled open fractures in low permeability sediments might buoyantly rise
through denser weak sediments to the seafloor.
Levine et al. (2009), attached as Appendix A.2, presented geomechanical proxy experi-
ments confirming these instabilities and allowing several fracture arrest mechanisms to be
investigated. Several known techniques from the petroleum industry were identified that,
in combination, can be used to prevent short-term fracture instabilities. Hydrates may
strengthen and arrest the tips of propagating fractures, provided transport limitations do
not preclude the presence of sufficient CO2 and water for hydrate formation, geochemical
interactions between hydrate and host rock do not prevent hydrate sealing and cementing,
and fractures do not continue to propagate around or through hydrates. Hydrates were,
therefore, identified as a potential method to stop fractures without relying on the introduc-






















Figure 3: Gravitational dynamics of CO2 in the deep ocean and the sediments below.
beyond the current state of scientific knowledge and therefore requiring further experimental
study.
High-Pressure Experiments: Motivation
Carbonic acid formed from CO2 and water causes carbonate dissolution, thus creating per-
meable pathways. However, these pathways may collapse under geomechanical stress in
weak pelagic sediments, leading to a decrease in permeability. Hydrate formation in shal-
lower sediments will decrease permeability, affecting matrix flow, but may also provide a
solution to geomechanical problems associated with hydraulic fracturing. However, be-
fore any of these coupled transport/geochemistry/geomechanics questions can be answered,
two-phase brine-CO2 transport must be understood. Chapter 1 contains a theoretical dis-
cussion of two-phase flow and relative permeability. Relative permeability is a factor directly
xvii
setting the storage capacity of CO2 reservoirs, including pressure increase, and therefore
injectivity, in pressure-limited reservoirs and areal extent in inclined area-limited reservoirs.
Understanding these processes requires high-pressure CO2 core flooding experimental ca-
pabilities. For these experiments a high-pressure flow-through apparatus has been built at
Schlumberger-Doll Research in Cambridge, Massachusetts. The dissertation is focused on
experiments to understand the multiphase flow of CO2 and water, and are applicable to
any type of geologic carbon sequestration.
Dissertation Organization
The dissertation research focuses on laboratory-scale high pressure two-phase CO2-brine
flow-through core flooding experiments. Two-phase flow must be understood before being
able to incorporate more complex geochemical and geochemo-mechanical processes into the
experiments. Chapter 1 contains an introduction and necessary scientific background to
multiphase flow of CO2 and brine in porous media. Chapter 2 contains the experimental
design, with further details in Appendix D. Chapter 3 contains the experimental results,
with the raw data contained in Appendix C. Chapter 4 contains a discussion explaining
the experimental results, as well as the broader implications. Finally, Chapter 5 contains a
conclusion summarizing the results of this dissertation.
Additional supporting material is located in the Appendix. Appendix A contains previ-
ous publications that serve to motivate or summarize the doctoral research. Appendices A.1
and A.2 contain publications, Levine et al. (2007) and Levine et al. (2009) respectively, on
gravitational CO2 sequestration in deep ocean sediments and provide motivation for the
geochemical and transport design aspects of the experiments. Levine et al. (2011) in Ap-
pendix A.3 presents an overview of the work contained in this dissertation. Appendix B
contains a glossary of technical terms. Appendix C contains the experimental data dis-
cussed in Chapter 3. Finally, Appendix D contains a lengthy operating manual with full
details of the experimental design and protocols.
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This dissertation focuses on relative permeability measurements of carbon dioxide displac-
ing water. This introductory chapter aims to provide an understanding of what relative
permeability is, as well as why it matters. I first discuss porous media and the implica-
tions of the solid structure on flow through porous media. I then add the complexity of
multiphase flow, including a discussion of how capillarity controls pore occupancy. This
provides the basis for discussing the effects of wettability, i.e., fluid-fluid-rock interactions,
on relative permeability. After a brief overview of the significance of relative permeability,
I provide a literature review of CO2-water relative permeability. This provides a transition
into experimental artifacts related to capillarity that must be avoided in relative permeabil-
ity experiments.
Multiphase Flow in Porous Media Literature
The subject of multiphase flow in porous media is well developed, with an extensive
body of literature. The overwhelming amount of research has been on multiphase flow of
oil and water by petroleum or chemical engineers, with a lesser amount from non-aqueous
contaminant/water groundwater flow by hydrologists. It is only very recently that carbon
sequestration has created interest in CO2/water flow. Historically, most of the attention
and money for fundamental research on multiphase flow in porous media has been from
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the petroleum industry due to its relative economic importance, with, e.g., small changes
in residual saturation of oil translating into increases in recoverable oil, and hence reserves
and production. Much of the fundamental research was worked out in the course of scaling
up oil production during the 1950s-60s or in the expansion of enhanced oil recovery in the
1970s-80s. More recently, three dimensional X-ray microtomography allows for imaging
actual pore networks, confirming much earlier work based on two dimensional optical or
scanning electron microscopy (SEM imaging). Because of this overwhelming preponderance
of oil/water literature, much of this chapter discusses concepts using images and examples
from oil/water or oil/water/gas systems, but it should be understood to be equally appli-
cable to any pair of fluids flowing through porous media.
1.2 Porous Media & Flow
1.2.1 Porous Media
What is a porous medium? In the broadest sense, all solids have voids or pores at a
molecular level, but typically we are referring to much larger scales. Porous media form a
bicontinuous structure of voids and solids at the macroscopic scale. Porous media flow con-
trols many important familiar processes, including breathing, pulling air into small pores in
our lungs; soil irrigation, water seepage through dirt to plant roots underground; and waste
disposal, water production, and oil production, the injection or production of fluids from
underground geologic strata. While at a local level, a porous medium might exhibit strong
fluctuations in porosity, the ratio of void volume to total volume, on a sufficiently large
scale these fluctuations alternate (Figure 1.1), Bear (1988). A representative macroscale,
labelled a representative elementary volume (REV) by Bear, is that length scale at which
the variability caused by individual pores or solid particles disappears.
The porous structure of a rock can be seen by saturating the rock with Wood’s metal as
a liquid, dropping the temperature so that the metal solidifies, and then using a strong acid
to dissolve all the mineral grains. Figures 1.2 and 1.3 show SEM images of Wood’s metal
filling the pores of a Berea sandstone (Swanson after Willhite, 1986). Berea sandstones are
commonly used in laboratory experiments, since they are relatively homogeneous and are
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Figure 1.1: Definition of an REV: variation in porosity with scale; see text. (Bear, 1988)
easily obtained. The SEM images of Berea show increasing numbers and roughness of pores
as the Wood’s metal saturation is increased, pushing into the smallest pores and crevices
as increasing pressure overcomes capillarity. A formal discussion of capillary pressure and
saturation is contained in the relevant section below.
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Figure 1.2: Low-magnification SEM images of Wood’s metal acting as a nonwetting
fluid filling the pore space of a Berea sandstone at varying saturations: (a) 22% saturation,
(b) 36% saturation, (c) 52% saturation, (d) 73% saturation. (Swanson, 1979 after Willhite,
1986)
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Figure 1.3: High-magnification SEM images of Wood’s metal acting as a nonwetting
fluid filling the pore space of a Berea sandstone at varying saturations: (a) 22% saturation,
(b) 36% saturation, (c) 52% saturation, (d) 73% saturation. (Swanson, 1979 after Willhite,
1986)
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Modern 3-D X-ray-computerized tomographic imaging is capable of directly producing
a 3-D image of a rock and its pore structure (see, e.g., Auzerais et al., 1996). Examples are
shown in figures 1.4 and 1.5. Figure 1.4 shows a Berea sandstone and its pore structure at
10µm resolution (Oren and Bakke, 2003). The inverse to this 3-D image of the solid is an
image such as Figure 1.5 (Baldwin et al., 1996) of the 3-D network of the void space, i.e.,
the voids or pores that are able to contain and conduct fluids such as air, water, or CO2.
Often, a pore space is represented by an idealized network of pores connected by capillary
tubes with diameters set by pore throats, e.g., Figure 1.6 (Al-Kharusi and Blunt, 2007).
Figure 1.4: A 3-D X-ray CT scan of a Berea sandstone at 10µm resolution.
(Oren and Bakke, 2003)
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Figure 1.5: Reconstruction of a 3-D pore network. Example from Baldwin et al. (1996)
Figure 1.6: Reconstruction of a 3-D pore network with pores represented as balls and
capillary connections represented as sticks. Example from Al-Kharusi and Blunt (2007)
CHAPTER 1. INTRODUCTION 8
1.2.2 Darcy’s Law & Relative Permeability




where v is velocity, k is permeability, µ is the dynamic viscosity, and ∇P is the pressure gra-
dient and is often reported as a pressure drop ∆P over a given length L, i.e., ∇P = ∆P/L.
Conceptually, Darcy’s law breaks the flow equation into constituent parts. Permeability is
an intrinsic property of a porous sediment, rock, or formation. Various attempts have been
made to relate pore and pore throat sizes to permeability, such as the capillary tube models
discussed below. Typically, either the flow rate or the injection pressure is fixed.





where relative permeability for each phase, kri, is a nondimensional number and typically
varies between zero and unity (0–100%). The relative permeability term accounts for a
reduction in flow of each phase due to the presence of the other phase(s) blocking finite
fluid pathways through a porous medium. It is reported as a function of saturation.
1.2.3 Flow in Porous Media
A simple approach to modeling flow through a porous medium is to assume a network of
pores connected by capillary tubes; see, Fatt (1956). The distribution of both pore diameters
and pore throat diameters can be made directly from measurements such as those discussed
above or, e.g., mercury capillary pressure measurements; see, e.g., Dullien and Dhawan
(1974). Hagen-Pouiselle flow (Equation 1.3) relates volumetric flow, Q, to pressure drop,






By assuming a capillary tube model following Hagen-Pouiselle flow with uniform capillary
diameters given by pore throat diameters, the majority of flow will go through the largest
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pore throats, while a significant number of pores will have no appreciable flow; see Figure
1.7.
Figure 1.7: Porous media flow modeled as Hagen-Pouiselle capillary tubes with pore
throat distributions from a Berea sandstone, reconstructed from Donaldson et al. (1991).
While capillary tubes can be used to model flow through individual pores, simple cap-
illary tube models grossly misestimate flow through a rock at a bulk scale due to het-
erogeneities and the topology of pore networks. However, the model provides a simple
mathematical means of showing what intuitively makes sense: the majority of flow in a tor-
tuous porous medium is through the largest sequence of capillaries, which are themselves
small, with diameters in the range of 1–10 µm.
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1.3 Capillarity, Wettability, & Relative Permeability
1.3.1 Surface Tension, Contact Angle, & Wettability
At a stable interface between two fluids and a rock, there exists a horizontal balance of
forces as shown in Figure 1.8.
Figure 1.8: Top: Forces in equilibrium at the contact line between two phases and a solid
determine the contact angle. Bottom: Water as either the (L) wetting or (R) nonwetting
fluid. (Willhite, 1986)
For a stable interface, and therefore horizontal forces in balance, horizontal equilibrium
yields Young’s equation (Equation 1.4), where phases ij are o=oil, s=solid, and w=water,
per Figure 1.8, but refer generically to any two fluid phases and a solid phase:
σos = σws + σow cos θ (1.4)
where σ’s are the respective interfacial tensions. Rearranging Equation 1.4, the equilibrium





Fluid-solid interfacial tensions cannot be measured, whereas contact angle and interfacial
tension between the two fluids can be measured, and, therefore, the contact angle is used
to deduce the relative interactions of each fluid with the solid rock. Returning to Equation
1.4, in the case that one fluid is purely wetting, θ becomes undefined. That is to say,
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σos − σws ≥ σow, the adhesive forces of one fluid (here water) and the rock is greater than
the adhesive interactions of the other fluid (here oil) by a sufficiently large amount (> σow).
More typically a finite contact angle results because of moderate wetting of either of the
fluids. The wetting fluid then refers to the fluid with a smaller surface energy with respect to
the solid. A fully wetting/nonwetting fluid pair is, therefore, an extreme. An intermediate
wetting state is one with a contact angle of 90◦, i.e., cos θ = 0 and, therefore, σos = σws,
fluid-rock surface energies are equal. Commonly, an intermediate wetting state is taken to
have a contact angle between 60◦ and 120◦.
1.3.2 Capillarity in Porous Media
Following Willhite (1986), Figure 1.9 illustrates the surface forces at an interface inside a
capillary.
Figure 1.9: Forces in equilibrium at the contact line between two phases and a solid in
a capillary tube. (Willhite, 1986).
For a stable interface, horizontal forces must be in equilibrium, ΣFx = 0, and therefore:
Pnw(piR
2) + σws(2piR)− Pw(piR2)− σnws(2piR) = 0 (1.6)
where R is the radius of the capillary and subscripts nw and w refer to nonwetting and
wetting fluid phases, respectively, and subscript s refers to interaction with the solid phase
(see Figure 1.9). Rearranging
Pnw − Pw = 2(σnws − σws)
R
(1.7)
Substituting in Equation 1.4 yields the Young-Laplace equation:
Pc = Pnw − Pw = 2σnww cos θ
R
(1.8)
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with capillary pressure, Pc, defined as the pressure elevation of a nonwetting fluid relative
to a wetting fluid, Pnw − Pw, across an interface at equilibrium in a capillary with radius
R. For a generic interface with principal radii R1 and R2:









Because only fluid-fluid surface tension, σnww, can be directly measured, it is common to
see the subscripts left out from the Young-Laplace equation, and thus capillary pressure is
often reported as:
Pc = Pnw − Pw = 2σ cos θ
R
(1.10)
1.3.3 Capillarity and Pore Occupancy
Capillarity controls multiphase fluid distribution in porous media. For a nonwetting phase
fluid to enter a given pore, the pressure in the nonwetting phase must be elevated relative to
the wetting phase, according to the Young-Laplace equation (Equation 1.8). The capillary
pressure will change for different sets of fluids and rocks with the interfacial tension between
the fluid pair, as well as the contact angle for the fluid pair and rock. These are typically
treated as being fixed for a given set of fluids and rock, though this simplifying assumption is
not universally true with, e.g., wettability varying locally in mixed wettability rocks. More
importantly, capillary pressure varies with capillary radius for a particular rock. During
drainage, when a nonwetting fluid advances into a wetting fluid-saturated rock, the smallest
radius along a given path requires the greatest capillary pressure elevation, and, therefore,
sets the threshold pressure required for advancement. It is, therefore, the radii of the
smaller pore throats connecting the larger pores that determine pore occupancy during
drainage. In Figures 1.2 and 1.3, this can be see in the progression of the nonwetting
Wood’s metal entering into ever-smaller pores and pore crevices as capillary pressure is
increased to achieve higher saturations. Conversely, during imbibition, when a wetting fluid
advances into a nonwetting fluid-saturated rock, capillarity pulls the wetting fluid into the
rock. The smallest pores having the largest surface will therefore most easily imbibe the
wetting fluid. Therefore, during imbibition, progressively larger pores are occupied.
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1.3.4 Wettability Controls Relative Permeability Curves
Capillarity controls pore occupancy and therefore causes different pore scale behavior for
wetting vs. nonwetting fluid invading a rock, as shown in Figure 1.10. Under capillarity con-
trolled displacement, the wetting fluid imbibes into the smallest, least-permeable pathways
first, while the nonwetting fluid occupies the largest, most-permeable pathways first. At
high saturations of the invading fluid, the fluid being displaced becomes disconnected and
ceases to flow. At this endpoint saturation of the invading fluid, the remaining undisplaced
fluid blocks fluid pathways, limiting the endpoint relative permeability of the invading fluid.
An invading wetting fluid is never able to fully displace nonwetting fluid from the largest,
most-permeable pathways and leaves behind a disconnected residual nonwetting phase satu-
ration, Snr, shown at the top right of Figure 1.10. Conversely, an invading nonwetting fluid
is never able to fully displace wetting fluid from the smallest, least-permeable pathways and
leaves behind a residual wetting phase saturation, Swr, shown at the bottom right of Figure
1.10.
Figure 1.10: Fluid distribution at a pore scale for water invading (a) as a wetting fluid
(imbibition) or (b) as a nonwetting fluid (drainage). (Raza et al., 1968 after Anderson,
1987)
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As a consequence of the pore scale behavior set by capillarity, the relative permeability
curves of wetting and nonwetting fluids have very different shapes; see e.g. discussions in
Willhite (1986) and Anderson (1987). Figure 1.11 shows relative permeability curves for
water invading an oil-saturated rock. When water invades as a wetting fluid, it is imbibed
into the smallest pores first and never accesses the largest pores, resulting in low endpoint
relative permeabilities in the range of 0.1–0.2. However, when water invades as a nonwetting
fluid, it accesses the largest pores first, resulting in endpoint relative permeability in the
range of 0.7–1. Therefore, measuring the endpoint relative permeability provides a quali-
tative measure of in situ wettability. Furthermore, the shape of the relative permeability
curves is controlled by the wetting state of the invading fluid, with much lower relative
permeabilities at low saturations for an invading wetting fluid relative to an invading non-
wetting fluid, as well as lower relative permeabilities at higher saturations for a wetting
fluid being displaced out of a rock relative to a nonwetting fluid (Figure 1.11).
Figure 1.11: Relative permeability curves for water invading (a) as a wetting fluid (im-
bibition) or (b) as a nonwetting fluid (drainage). (Craig, 1971 after Anderson, 1987)
Relative permeability is typically modeled in numerical codes following parameterized
relative permeability curves such as the Corey equation or its modifications; see, e.g., Corey
(1954); Land (1968); Todd et al. (1972) and Honarpour et al. (1986). Lake (1989), e.g.,
presents relative permeability-saturation curves for each phase i using endpoint relative
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1− Sw − Snr
1− Swr − Snr
)αnw
(1.12)
The endpoint relative permeability therefore provides the peak of the relative permeability
curves, which, with residual wetting and nonwetting saturation and the curvature expo-
nent, provide the full relative permeability curves used in reservoir simulation models. The
exception to this is the case when hysteresis loops are included, with an extension to the
Corey model for this case provided by Land (1968) and Ramakrishnan and Wasan (1986).
1.4 The Significance of Relative Permeability
In analyzing the suitability of a reservoir for carbon sequestration several factors are of
critical importance: injectivity, storage capacity, and containment. Each of these processes
is related to relative permeability. Injectivity refers to the relative difficulty of injecting
CO2 into a formation and is directly related to relative permeability and permeability
(Equation 1.2). Injectivity is typically limited by the need to keep injection pressure below
the fracturing pressure of the overlying caprock. Injection pressure is directly related to
relative permeability. Alternately, reservoirs may be limited by the need to restrict the
area of the injected CO2 plume, e.g., due to leakage concerns, pore space ownership issues,
or finite areal overlying caprocks. In an inclined reservoir the injectivity of CO2 affects
the areal spread & migration of CO2 (Hesse et al., 2008; de Loubens and Ramakrishnan,
2010). More generally, reservoir models of carbon sequestration reservoirs must be based on
accurate multiphase flow data. Finally, the endpoint CO2 relative permeability provides a
qualitative measure of wettability, which, as discussed above, is directly related to interfacial
energies. Therefore, endpoint relative permeability indirectly provides a measure of the
relative interactions of CO2 and the rock vs. water and the rock.
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1.5 Previous Work on CO2-Brine Relative Permeability
There have been relatively few experimental studies measuring relative permeability of
liquid or supercritical carbon dioxide and water. Bachu and Bennion (2008) summarizes
a series (Bennion and Bachu, 2005, 2006a, 2007, 2006b, 2008) of constant rate drainage
CO2 and post-drainage brine imbibition relative permeability experiments in a variety of
lithologies. Endpoint CO2 relative permeability varies widely within a range of 0.01–0.55.
Perrin and Benson (2010) reports drainage relative permeabilities at increasing CO2/water
fractions for two sandstone samples. Endpoint CO2 relative permeability values are 0.06 for
the first core and 0.16, before sharply increasing to 0.61, for the second core. Both studies
were performed with cores held horizontally, introducing the potential for complications
due to segregation. Furthermore, it is unclear what the role of capillary end effects is in
each setup, though such experimental artifacts are well known to cause major problems
in laboratory measurements of relative permeability; see Rappaport and Leas (1953), and,
e.g., Honarpour et al. (1986); Willhite (1986); Anderson (1987), and discussed further below.
Huang and Honarpour (1998) provides an analytical example of the effects of capillary end
effects on relative permeability measurements, as well as the need to increase flow rate to
achieve higher viscous to capillary pressure ratios to reach residual saturation. Bennion
and Bachu (2005) discusses the procedures used in all of their other papers, including
ending CO2 drainage floods by ramping up to high flow rates to ensure no capillary end
effects. However, neither flow rates nor pressure drops are reported in any of their papers,
while residual brine saturations are surprisingly high, with the majority of data in the
range of 0.4–0.7, much higher than values typically reported in, e.g., oil/water systems.
Perrin and Benson (2010) reports constant low flow rates (1.2, 2 mL/min), extremely low
pressure drops (2.5, 4.5 kPa), and high endpoint brine saturations (0.44, 0.62), suggesting
that residual saturation may not have been reached. Based upon the data provided and the
experimental designs, it is not clear that endpoint saturation was reached in either set of
relative permeability measurements, and so it is not appropriate to use the reported relative
permeability values as endpoint values.
Both liquid and supercritical CO2 are generally assumed to be inert in the geological
carbon sequestration geochemistry literature and the aqueous phase is obviously highly re-
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active, motivating the common assumption that CO2 is the nonwetting fluid. Experiments
are necessary to resolve the low experimental CO2 relative permeabilities reported in the
literature with the extensive theoretical understanding of nonwetting phase relative perme-
abilities coming out of the petroleum industry that suggests that drainage endpoint CO2
relative permeabilities should be in the range of 0.7–1.
1.6 Capillary Effects & Experimental Design
1.6.1 Laboratory Core Flooding Experimental Artifacts
Laboratory core flooding experiments enable conditions and control that would not be pos-
sible in field experiments, but at the cost of measurement artifacts that must be carefully
avoided. Laboratory experiments allow the careful control of individual processes, with each
experiment testing limited independent hypotheses. Conditions are not necessarily chosen
to reproduce in situ conditions but often are chosen to measure a property under conditions
providing an unambiguous answer. For instance, instead of testing a mineralogically com-
plex rock with a locally heterogeneous structure, the dissertation experiments begin with
a relatively inert and homogeneous Berea sandstone and progress to an even simpler fully
inert homogeneous artificial alumina ceramic. Most importantly, core-scale experiments
allow flow rates and pressure gradients that are much higher than could be tested in a field
experiment.
Measuring the CO2 drainage end point relative permeability requires attaining residual
brine saturation, as well as avoiding capillary end effect-induced measurement errors. This
requires that three conditions be met. The first condition is that CO2 viscous pressure
drop is sufficiently elevated relative to capillary pressure to invade the smallest pores. This
requires running experiments at flow rates and pressure drops that are orders of magnitude
higher than those typically found in reservoirs. The second condition is that viscous pressure
drop is not so great as to completely overcome capillarity, mobilizing the residual phase,
and displacing all the brine out of the core. Finally, at the outlet end of a finite-length core
there exists a capillary pressure discontinuity that creates a non-uniform pressure profile
and precludes a uniform residual brine saturation. Relative permeability core flooding mea-
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surements must therefore go to great lengths to either avoid or correct for this experimental
artifact.
1.6.2 Capillary End Effects
During laboratory core flooding experiments, there exist physical discontinuities at both
ends of the core that would not exist in a continuous in situ porous rock. Capillarity inside
a core causes a pressure difference between the nonwetting and wetting fluids (Equation
1.8), while outside the core no such effects exist, and the two fluids will have the same bulk
pressure. Therefore, during drainage, the nonwetting fluid cannot have a similarly elevated
pressure in the pores immediately adjacent to the outlet end of the core as in the rest of
the core (Figure 1.12). As a result, wetting fluid saturation is much higher near the outlet
end of the core than in the rest of the core, reaching 100% saturation at the outlet itself
(Figure 1.13).
Figure 1.12: Pressure profile due to the capillary end effect in a core flood with both
phases flowing. (Willhite, 1986)
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Figure 1.13: Saturation profile due to the capillary end effect in a core flood. (Huang
and Honarpour, 1998)
1.6.3 Residual Saturation & the Ratio of Viscous to Capillary Pressure
Attaining residual brine saturation requires choosing high Darcy flow rates across the core
to elevate the nonwetting phase pressure sufficiently to overcome capillarity. As viscous
pressure drop increases relative to capillary pressure drop, the nonwetting fluid is able to
invade ever-smaller pores, driving wetting fluid saturation down to endpoint saturation.
While a wetting fluid will imbibe into the smallest pores of a rock saturated with non-
wetting fluid, a nonwetting fluid requires a finite pressure elevation to overcome capillarity
and achieve percolation, the first flow path across a rock. Because capillary pressure eleva-
tion is inversely proportional to pore throat radius, the breakthrough pressure, Pb, is set by





where the smallest radius, Rmin, along the percolation path corresponds to the largest
radius, rmax, from the set of pore throat radii controlling flow for all pathways across the
entire rock, i.e., Rmin = rmax. This was a result due first to MacMullin and Muccini
(1956), and subsequently proven by Ambegaokar et al. (1971); Katz and Thompson (1986)
and Ramakrishnan and Wasan (1986). At high ratios of ∆P/Pb, the viscous pressure is
elevated sufficiently to overcome capillarity, allowing the smallest pores to be accessed, and
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brine saturation approaches residual saturation at the front of the core (see Figure 1.14 and
Table 1.1, Huang and Honarpour, 1998).
Figure 1.14: Saturation as a function of viscous pressure elevation relative to breakthrough pres-
sure during drainage. Saturation is normalized relative to residual saturation such that S∗w = 0
corresponds to Swr. Breakthrough pressure is shown here as ∆Pd, while nonwetting phase Darcy
pressure drop is shown here as Lqoµokkro|SiwA . The curves correspond to ratios of breakthrough pressure
to nonwetting phase viscous pressure drop, i.e., 0.05 is equivalent to ∆P/Pb = 20. The capillary
end effect creates a non-uniform saturation distribution with high saturations at the outlet end of
the core. (Huang and Honarpour, 1998)
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Table 1.1: Corrections to measured relative permeability due to capillary end effect in a drainage
core flood as a function of ∆P/Pb ratio, labelled here as |∆PL|/Pd. Normalized saturations as
in Figure 1.14, S∗ = 0 corresponds to residual water saturation, shown here as Siw. Average
saturations are denoted by S¯. Of greatest importance is the final column, showing the error in
true relative permeability evaluated at true endpoint residual saturation, kro|Siw, versus what is
measured, which is average relative permeability evaluated at average endpoint saturation, k¯ro|S¯iw.
(Huang and Honarpour, 1998)
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Flow rate is therefore chosen to achieve a high viscous pressure drop across the core
relative to the known capillary breakthrough pressure. From data on the distribution of
pore throat radii of a rock, it is possible to choose appropriate flow rates to achieve residual
brine saturation at the core inlet. While Berea sandstone has a large distribution of pore
radii, the distribution of pore throat radii controlling pore occupancy varies by a much
smaller factor; see Figure 1.15. The pore throat data in Figure 1.15 is in good agreement
with pore diameter/volume-intruded mercury porosimetry data from a Berea sandstone
used in the experiment; compare with Figure 1.16. Figure 1.17 shows that the distribution
of pore throat radii in synthetic P3C alumina ceramic is even more tightly clustered.
Figure 1.15: Pore throat diameter vs. corresponding pore diameter in a Berea sandstone
from imaging a Wood’s metal porecast. (Wardlaw et al., 1987)
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Figure 1.16: Pore diameter vs. fractional and cumulative percentage of pore volume in
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Figure 1.17: Pore diameter vs. fractional and cumulative percentage of pore volume in
a P3C alumina ceramic from mercury intrusion porosimetry.
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1.6.4 Capillary Number
While elevated flow rates enable approaching residual wetting phase saturation, it is impor-
tant that the viscous pressure drop is not so high as to overwhelm capillarity, mobilizing
the wetting phase and driving saturation below residual saturation. The dimensionless cap-
illary number, Nc, is defined as the ratio of viscous flow induced pressure drop to capillary
pressure. Capillary number has been equated to a variety of different dimensionless groups,





where v is the fluid velocity. For a nonwetting fluid invading a wetting-fluid saturated core,
Dombrowski and Brownell (1954) found constant endpoint saturations at capillary numbers
below about 10−3; see Figure 1.18. For high pressure (10 MPa) CO2 injected into a brine-
filled core at a rate of 60 mL/min, then v =10−6 m3/s, µCO2 ∼ 10−4 Pa-s, σ ∼ 10−2 N/m,
the capillary number is Nc ∼ 10−8, far below the mobilization threshold as to be of no
concern in CO2 core flooding experiments.
Figure 1.18: Capillary number and residual and irreducible saturations. The left hand
axis shows saturation normalized to residual saturation, i.e., SOR = Srw. (Stegemeier
after Taber, 1981)
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1.6.5 Ramakrishnan & Cappiello Method
The method developed in Ramakrishnan and Cappiello (1991) is used to measure relative
permeability without capillary end effect-induced errors. This method exploits the capillary
end effect rather than avoiding it. It is a steady state technique based on establishing
a monotonically decreasing saturation at capillary equilibrium throughout the core, and
is unlike most steady state techniques, which attempt to establish a uniform saturation
throughout the core. It has the advantage of being relatively simple in both design and
analysis.
A constant nonwetting phase injection rate or pressure is imposed at the front of the
core for a nonwetting fluid (CO2) invading a wetting fluid (brine-) saturated core. Provided
injection pressure is above the percolation threshold, the nonwetting fluid will displace
wetting fluid from the core until reaching steady-state flow across the core. At steady state
for a given imposed flow rate or pressure, the wetting fluid does not flow, Qw = 0, and
so all flow is due to the nonwetting phase, Qnw = Q. From the multiphase Darcy flow
equation (Equation 1.2), the absence of flow in the wetting phase requires the absence of
any pressure gradients in the wetting phase, and so wetting phase pressure must be uniform
throughout the core. Normalizing all pressures relative to a fixed outlet pressure, Po, such
that P ′ = P − Po, the normalized wetting phase pressure is P ′w = 0 throughout the core.
Capillary pressure vanishes in the bulk eﬄuent immediately adjacent to the outlet end of
the core, i.e., Pc,o = Pnw−Pw = 0. At steady state, capillary equilibrium holds throughout
the core, and the pressure elevation throughout the core must be matched to the capillary
pressure, i.e., P ′nw = Pc throughout the core. Darcy flow is limited to the nonwetting phase






where x is the distance from the inlet end. Relative permeability is taken to be a func-
tion of saturation, kr = kˆr(Sw), and is the drainage relative permeability because of the
experimental method design, with the nonwetting fluid displacing the wetting fluid and the
saturation monotonically decreasing from the inlet end to the outlet end of the core. Under
this condition, the saturation throughout the core decreases according to the local capillary
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pressure, Sw = Sˆw(Pc), and furthermore, the relative permeability is then a function of
capillary pressure as well, kr(Sˆw(Pc)). Integrating Equation 1.15 over the length of the core






where P ′nw,i is the steady state pressure at the front of the core relative to the back pressure















i.e., relative permeability is measured by fitting to a slope of the flow rate and pressure drop
at flow rates having similar capillary end effects. By comparison, other techniques de facto
fit relative permeability to a point at Q = 0, ∆P = 0, overestimating the pressure drop.
At endpoint saturation, increasing flow rate should cause a negligible change in relative
permeability, as fluid pathways should be set. Therefore, at endpoint saturation, the slope
fitted to dQ/d∆P should not change at the highest flow rates.
Saturation is measured in a similar fashion, taking advantage of the method design,
wherein fluid distribution is set by capillary pressure equal to the local multiphase Darcy
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As with the relative permeability above, saturation is measured by fitting to a slope, in this
case the ratio of the product of the flow rate and average brine saturation to the pressure
drop across the core. The technique was directly verified by nuclear magnetic resonance
imaging in Fordham et al. (1993).
1.7 Summary
Relative permeability provides important information regarding the wettability of CO2 and
brine in carbon sequestration-related multiphase flow systems. Experiments are designed to
measure endpoint relative permeability of CO2 rather than the entire relative permeability
curve, paying special attention to achieving residual saturation at the core inlet. A measure-
ment technique is used that incorporates end effects by fitting relative permeability to the
slope between two measured points taken at high flow rates, enabling a true measurement
of drainage relative permeability at endpoint saturation despite the presence of saturation
and pressure gradients in the core. If CO2 is the nonwetting phase, drainage endpoint CO2
relative permeabilities would be expected to be in the range of 0.7–1.
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Chapter 2
Experimental Design
2.1 Brine-CO2 Core Flooding Experiments
2.1.1 Design Overview
The goal is to inject brine and carbon dioxide through a core at controlled pressure and tem-
perature while accurately performing various analytical measurements. The experimental
design is shown in Figure 2.1. Brine and CO2 are injected from pumps capable of accurately
metering out a constant volumetric flow rate. After flowing through tubing and valves, fluid
is pushed through a rock core held in a high-pressure core holder. Very accurate pressure
transducers are located at either end of the core holder to measure the pressure drop across
the core for permeability measurements. The core holder and pressure transducers are con-
tained in a large temperature-control chamber so that both in situ pressure and temperature
are accurately controlled, and measurements are made at in situ conditions. The core is
held inside a rubber sleeve, surrounded by an inert jacketing fluid used to exert a radial
pressure to prevent fluid bypass around the core, while also serving as a proxy for confining
stress. Embedded in the core holder and rubber sleeve are impedance terminals to make a
four wire measurement of impedance across the core, which is used as a measure of average
brine/CO2 saturation and is also of primary interest for in situ CO2 monitoring in geologic
sequestration. A pair of back pressure regulators is used to control pressure at the back
of the core, typically to 100 bars. The eﬄuent brine and CO2 are then sent to pressurized
CHAPTER 2. EXPERIMENTAL DESIGN 29
sampling containers, with excess CO2 vented. Post venting, the pressure of the eﬄuent
samples is reduced to atmospheric pressure by venting CO2. The mass of the high-pressure
sampling containers is taken before the experiment, and before and after venting CO2, to
back out the eﬄuent brine mass and, therefore, average core saturation at discrete time
steps throughout the experiment. Finally, a nitric acid diluent is added to all brine eﬄu-
ent samples to ensure that all species are dissolved, and the samples are then analyzed by
inductively coupled plasma spectroscopy for geochemistry. Full experimental design details
and operating protocols are contained in a lengthy operating manual in Appendix D.
2.1.2 Additional Design Goals: Geochemomechanics
The experimental apparatus was intended to test several questions linking multiphase trans-
port, geochemistry, and geomechanics beyond the relative permeability measurements that
are the focus of this dissertation. Broadly, each requires measuring changes in permeability
from solids forming/dissolving from the liquid phase in rock cores subject to mechanical
stresses that are capable of physically deforming the rocks. The several issues can broadly
be categorized as (1) reactive brine chemistry: salt precipitation due to brine evaporating
into CO2; (2) reactive geochemistry: dissolution and precipitation of rock minerals; (3) reac-
tive geochemomechanics: dissolution and precipitation with high stress; (4) CO2 hydrates:
matrix and fracture flow. These several issues motivate design choices that have been made
that are unrelated to relative permeability and might otherwise seem extraneous.
2.1.3 Brine-CO2 Fingering
The differences in density and viscosity between brine and CO2 introduce dynamical insta-
bilities during CO2 flooding. When flooding with CO2 from below, the two instabilities are
aligned and will enhance each other. When flooding with CO2 from above, buoyancy will
act to stabilize the viscous instability. Furthermore, capillarity will stabilize flows. Table
2.1 contains density and viscosity data for typical experimental conditions, including pure
water and a 5% NaCl brine at 20◦C, liquid CO2 at 20
◦C and 100 bars, supercritical CO2
at 50◦C and 100 bars, and gas phase CO2 at 20
◦C and 10–40 bars. All CO2 physical data
used in the experiment is from NIST (Lemmon et al., 2010), while brine physical data is















































































































































































































































































































































Figure 2.1: Experimental diagram
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from Lide (2010). Physical properties vary with the precise pressure of the system and are
therefore rounded to the appropriate significant digit. True values were used for experimen-
tal measurements; isothermal CO2 density and viscosity variation with pressure required
a cubic equation in pressure fit to temperature-specific data. The ratios of densities and
viscosities vary from 0.02 to 0.85 and 0.015 to 0.08 respectively, but in all cases CO2 is less
dense and less viscous than the aqueous phase. Interfacial tension between brine and CO2
at 100 bars is about 30 mN/m (Chalbaud et al., 2009). Permeability varied from about
7 · 10−13 m2 (700 mD) for a Berea 500 sandstone down to 1.2 · 10−14 m2 (12 mD) for a P3C
alumina ceramic (below).
Fluid Density ( kg/m3) Viscosity (mPa-s)
Water 1000 1
5% NaCl brine 1030 1
Liquid CO2 850 0.08
Supercritical CO2 600 0.03
Gaseous CO2 20–100 0.015–0.02
Table 2.1: Brine and CO2 physical properties (rounded) at experimental conditions. CO2
data is from NIST (Lemmon et al., 2010). Water/brine data is from Lide (2010).
Buoyancy, capillary, and Darcy viscous pressures drops affect multiphase fluid distribu-
tion in a porous media. At a certain length or velocity, these pressures are matched. Below
and above these threshold values, one or the other dominates. Buoyancy pressure scale is:
∆P = ∆ρgL. Capillary pressure scale is: ∆P = 2σ/L. Darcy viscous pressure scale is:
∆P = vµL/k.
During CO2 flooding from below, both gravitational and viscous instabilities are aligned
and the front will be unstable. During CO2 flooding from above, gravity will act to stabilize
the front, while viscosity is destabilizing, see, e.g., Homsy (1987). Above a critical veloc-
ity, vc, viscous instability dominates and the front will be unstable, while below, buoyant
stabilization dominates and the front will be stable. Equating the buoyancy and Darcy
pressure scales for a fixed length, L, Equation 2.1, and rearranging terms provides this
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Taking permeability values representative of a Berea 500 sandstone and a P3C ceramic
core at liquid CO2 conditions in Equations 2.3 and 2.4 respectively :
vc =




)(7 · 10−13 m2)
10−3 Pa · s = 10
−6 m/s (2.3)
vc =




)(1.2 · 10−14 m2)
10−3 Pa · s = 2 · 10
−8 m/s (2.4)
Flow rate at the beginning of an experiment is typically about 1 mL/min through an ap-
proximately 4 cm diameter core:














10−3 m2 ≈ 1.6 · 10−5 m/s (2.7)
The velocities in all experiments are therefore higher than the critical velocity and viscous
instability exceeds the stabilization caused by buoyancy. Therefore, fluid fingering would
be expected in both upward and downward flow experiments.
Setting capillary and buoyancy pressures equal, Equation 2.8, and rearranging terms











Taking values representative of liquid CO2:
Lg =
√√√√ 2(3 · 10−2 Nm)
(1.5 · 102 kg
m3
)(10 ms )
= 0.006 m (2.10)
This is much larger than the pore scale, which is typically on the scale of microns, and
therefore capillarity dominates.
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2.2 Materials
2.2.1 Rock Cores
Rock cores included Berea sandstone, chosen for its relative homogeneity and the wealth
of data available, and synthetic P3C alumina ceramic (CoorsTek), chosen to be nearly
homogeneous and inert to brine, CO2, and carbonic acid. Cores were prepared to be
approximately 10 cm (4”) in length and 3.8 cm (1.5”) in diameter. Later experiments were
conducted with 20 cm (8”) length P3C cores to ensure minimized end effects. All cores
were vacuum dried overnight at 70◦C prior to each experiment. Helium intrusion porosity
measurements were made on cores that were 3.8 cm (1.5”) long and 3.8 cm (1.5”) diameter
and cored from rock adjacent to the cores used in the experiment. Mercury intrusion
porosimetry was previously performed on cores from the same rock samples.
2.2.2 Lab Supplies
Brine water was 18.2 MΩcm ultrapure water from a Millipore Synergy UV being fed reverse
osmosis deionized water. Brine contains 50 g/L NaCl, and a 50 mg/L LiCl tracer (both ACS
grade, Fisher Scientific). A tracer was included to enable measuring halite precipitation and
dissolution independently of concentration changes due to water loss during deaeration and
CO2 venting, as well as pre-ICP sample dilution (below). Liquid CO2 was siphoned directly
from a CO2 cylinder (99.8% bone dry, American Gas Products). The radial jacketing fluid
was provided by electrically nonconductive fluorinert FC-40 (3M).
Chemical Handling Equipment
All solid masses were measured by lab balances in disposable aluminum weighing dishes.
Masses less than 320 g, including both salts and sampling containers, were weighed using a
Sartorius CP324S balance accurate to 0.1 mg. Larger masses, including brine water, were
measured with a Mettler Toldeo XS12001M balance accurate to 0.1 g. Small volumes were
measured by dispensing with Finnipipette digital auto-pipettes with ranges of 100–1,000µL
and 1–10 mL fitted with disposable pipette tips. Large volumes of pure water were measured
by mass with water density taken to be 1.0 g/mL. The discrepancy from true density was less
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than errors introduced elsewhere and, furthermore, was incorporated into the geochemistry
methodology, as all ICP measurements were reported normalized to ICP-measured pre-core
brine concentrations.
ICP Labware & Chemicals
ICP labware cleanliness is critical because of the sensitivity of the ICP to trace contami-
nation. Certified metal-free polypropylene test tubes (CPI International) were used for all
ICP liquid handling, including eﬄuent samples and reference standards. Polystyrene dis-
posable beakers were used for pouring out ICP standards before pipetting into metal-free
polyporylene test tubes for dilution. Volumetric dilutions of ICP standards were by digital
pipetting into glass class A volumetric flasks with inert PTFE/phenolic resin screw-top
lids (Kimble Kontes). Ultrapure water and trace-metal grade nitric acid were used for all
reference and sample dilutions.
2.2.3 Fittings, Tubing, & Valves
All fittings, tubing, and valves were Swagelok stainless steel 316L. Throughout the system,
all metal wetting parts have been selected to be stainless steel 316L or Hastelloy to ensure
there was no corrosion. The experiment was controlled from a central control panel con-
taining valves controlling connections between all sections of the experiment. The majority
of high-pressure tubing was 1/8”. Exceptions were vacuum tubing, which was 1/4”, and
the sections leading from the control panel to and from the pressure trandsucers adjacent
to the core, which were 1/16” to minimize dead volume, as well as CO2/brine mixing before
the core. The entire system was helium leak tested to < 10 nL/s with a Matheson Trigas
Leak Hunter 8065 leak detector. Prior to each experiment, an oil-free Sahara 8350 vacuum
pump was used to evacuate air from the system and the core for 12–24 hours.
2.2.4 Core Holder
During each experiment, cores were placed in a Temco ECH Hassler-type high-pressure core
holder rated to 137 bars (2,000 psi). All wetted metal parts are Hastelloy or stainless steel
316L. The core holder was held vertically in a custom-made stand with slots allowing hy-
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draulic and impedance connections. Cores were sealed in a rubber sleeve used to transmit
a radial pressure jacket to prevent fluid bypass. A radial jacketing pressure of 137 bars
(2,000 psi) was applied across the rubber sleeve with fluorinert FC-40 by an Isco 100DM
syringe pump running in constant pressure mode. The earliest experiments used a rubber
sleeve made of Viton fitted with a pair of circumferential impedance contacts. CO2 perme-
ated into both of the available Viton sleeves, causing the impedance contacts to come out of
the rubber body and necessitating switching to a Buna-N rubber sleeve without impedance
capabilities. The core holder was placed inside a Tenney TJ30S temperature-controlled
chamber (“oven”) with an internal RTD to control temperature to within 0.3◦C across a
wide range of temperatures (-40–200◦C). Core holder temperature was confirmed with a
thermocouple (Omega).
2.2.5 Deaerator
Prior to each experiment the entire system was placed under vacuum and any air and water
evacuated. Similarly, the brine used to saturate the cores needed to be evacuated of air.
The small amount of air that is soluble in brine water significantly increased the amount of
signal noise, caused errors in pressure measurements from trapped air bubbles, and greatly
increased the response time to step changes in brine flow. Therefore, brine was deaerated
with The Nold Deaerator (Geokon), then loaded into the brine pumps directly while still
under vacuum. All lines and fittings connecting the deaerator to the brine pumps were
vacuum rated.
2.2.6 Pumps
Isco syringe pumps were used for dispensing brine and CO2 due to their displacement
accuracy, with each turn of the internal mechanical gears corresponding to 16 or 25 nL for
the Isco 260Ds and 1000Ds respectively, and a specified flow accuracy of ±0.5%. Brine
was dispensed at a constant flow rate from a paired set of Isco 1000Ds. These pumps
initially had minor iron mud or rust contamination that was visible in the eﬄuent of the
earliest experiments, though it is not believed that this would have precipitated in a core
or otherwise affected flow. CO2 was dispensed at a constant flow rate from a paired set
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of Isco 260D syringe pumps with an air valve package to minimize pressure transients at
pump switchover. The maximum flow rate for the paired CO2 Isco pumps is 40–50 mL/min,
setting the highest flow rate possible during an experiment. The CO2 Isco pumps were fitted
with temperature control jackets connected to a Julabo F32-MC temperature control bath
to enable operation with liquified CO2, as well as heating for supercritical CO2 experiments.
The final experiments were run with gas phase CO2, necessitating switching from the non-
gas-tight Isco syringe pumps to a gas-tight Quizix QL700 dual pump system connected to
a gas phase CO2 cylinder (American Gas Products).
2.2.7 Back Pressure Regulators
Pressure in the system was controlled by two back pressure regulators in series. The first
back pressure regulator was a 15–2,500 psi back pressure regulator (Tescom 26-1764-24-
636A) with a Tescom ER3000 electronic controller, used for fine tuning the back pressure
to 100 bars ± 1–2 bars. During the earliest experiments, a Cv of 0.02 was used, creating
problems when fine sand particles from sandstone cores lodged in the seat and caused the
back pressure regulator to leak. Placing either a 0.2 or an 8µm high-pressure filter on
the line before the back pressure regulators did not solve the problem, and resulted in
sporadic pressure jumps across the filter during experiments, so it was therefore removed.
After changing to a Cv of 0.1, the back pressure regulator was found to consistently hold
pressure. While testing the system before experimental operations, it was found that CO2
ice or hydrate would form in the back pressure regulator when CO2 density dropped during
the transition from a high-pressure liquid phase to gas phase. This was solved by stepping
down CO2 pressure and density in stages. A second back pressure regulator was added to
ensure dense-phase CO2 on both sides of the primary back pressure regulator, and a series
of needle valves was added to the eﬄuent vent line. The second back pressure was rated
from 50–6,000 psi (Tescom 26-1762-25-050) and was controlled manually to set a pressure
of about 90 bars based on a 0–200 bar pressure gauge (stainless steel 316, American Gas
Products) displaying pressure in the connecting tubing.
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2.2.8 Eﬄuent Sampling System
Sampling Containers
Eﬄuent was collected into a series of 20 sealed, pressurized sampling containers to dis-
cretize samples into finite flow steps for mass balance measurement of average brine satu-
ration and residual saturation. Sampling was also discretized within each flow rate step to
enable testing for dissolution/precipitation of brine salt and rock minerals within each flow
step. Each sample container assembly consisted of a 40 mL Swagelok sample cylinder with
a 1/16” ball valve for sealing the system during weighing. The Swagelok containers were
lined with 0.001” of PTFE (Fluorolon 306 black PTFE, S.W. Impreglon, Humble, TX) to
provide an inert layer over the 304L stainless steel of the sampling container. To ensure
reliable sealing while allowing repeated connecting and disconnecting from the sampling
system, each sampling container was attached by a 1/16” miniature quick-connect valve.
1/16” tubing and valves were used to minimize dead volume between the collection manifold
and the sealing ball valves.
Venting CO2
Varying amounts of CO2 were included with each brine sample, with no CO2 in the initial
samples and larger amounts up to nearly all CO2 as the experiment progressed. At higher
flow rates, the eﬄuent was diverted to vent after twice the calculated breakthrough time
so that excess CO2 was not collected while waiting for the pressure drop across the core to
stabilize. To lower sample pressure to atmospheric pressure for ICP measurements, CO2
in the samples was vented, resulting in water evaporation and concentrating eﬄuent salts.
Tracers were included in both the brine (Li) and the nitric acid diluent (Y) so that relative
concentrations could be used to back out absolute concentrations for geochemistry mea-
surements independent of any water losses (see the Geochemical Analysis section on tracers
below). Errors in reported core brine saturation from eﬄuent sample water evaporation
due to CO2 venting were smaller than errors in porosity measurements because of the low
solubility of water in CO2 (≈1 ppt) at room temperature 20◦C).
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Eﬄuent Sampling
Each sample container assembly was weighed before the experiment, before venting, and
after venting. The decrease in mass from venting provided the mass of CO2 vented. The
mass after venting relative to the tare weight provided the mass of brine collected. Brine
was extracted using a syringe connected to the male quick connect valve by plastic tubing.
To ensure that no salt was left behind, and to clean the container for the next experiment
and the syringe for the next sample, each sampling container was washed with nitric acid
diluent twice, and the diluent wash was kept as part of the eﬄuent sample.
Dead Volume
A correction was made for the dead volume of brine between the bypass and the sampling
system when collection begins. The dead volume was measured empirically by using CO2
to displace the brine in this section into a sampling container repeating several times,
and taking the average; see Figure C.1. For accuracy, the dead volume was measured at
100 bars. Tubing of identical length was temporarily installed to bypass the core. The
volume corresponding to the length of 1/8” tubing that is in place instead of the core is
subtracted off of the measured dead volume by multiplying the known volume per length
of the tubing based on the known inner diameter and brine density. When calculating
saturation, the brine-filled dead volume was subtracted from the eﬄuent volume collected in
the first sampling container, which was allowed to collect a volume of eﬄuent approximating
the dead volume.
2.2.9 Pressure Measurement System
High-pressure measurements of fluids in the experimental system were made with HBM P6A
200 bar pressure transducers (0.2% full-scale accuracy). Low-pressure measurements were
made with HBM P3TCP 10 bar pressure transducers (0.1% full-scale accuracy). Vacuum
was monitored with an HBM P3MBA 5 bar pressure transducer (0.1% full-scale accuracy).
All transducers were strain gauges with full Wheatstone bridges. Transducers were con-
nected via seven wire cables to an HBM MGC+ excitation-measurement processing system
(18-bit accuracy) with appropriate signal processing cards. The seven wire system ensured
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that the excitation voltage did not suffer from line losses. The amplified digital output
was passed through a 1.25 Hz Bessel filter. Pressure measurements used for permeability
calculations were collected in chunks of 128 data points, collected almost instantaneously
(≈4 ms per sample), and averaged. All pressure transducers that were expected to see both
brine and CO2 were oriented to be below the flow line of interest so that denser brine was
stable in the dead end of the transducers so that CO2 bubbles would not cause pressure
measurement errors.
Pressure Calibration & Offset
All pressure transducers were calibrated using a LabView VI to calculate the least squares
fit to a series of about 20 voltage measurements while pressure was varied from a vacuum
up to about 90% of the rated transducer pressure rating and back down again. High-
pressure transducers were simultaneously calibrated with a DH Instruments PG7000-AMH
primary standard dead weight tester (5 ppm mass accuracy). Low-pressure transducers were
simultaneously calibrated with a Druck DPI 605 calibrator (0.025% accuracy). The pressure
offset between transducers located before and after the core was corrected in each experiment
by a linear fit between at least a pair of offset measurements at pressures representative of
the experiment.
2.2.10 Impedance Measurement System
A Wayne-Kerr 6520B precision impedance analyzer (“Wayne Kerr”) was used to monitor
impedance and phase angle across the core. A Wayne Kerr 1505 four terminal lead/four wire
cable with a Wayne Kerr four wire extension cable was used to connect the terminals on the
impedance analyzer box to the core holder terminal connections. The accuracy of the Wayne
Kerr varies with impedance and frequency, with the majority of the measurements having
an accuracy of 0.05% or 0.1% and accuracy decreasing geometrically as impedance increased
from 1 MΩ up to 100 MΩ. Measurements were made at geometrical spacing with voltages of
100, 200, 400, and 800 mV, and frequencies of 0.2, 0.5, 1, 2, 5, and 10 kHz. Unfortunately,
the silver terminals at the ends of the core caused the measurement to short circuit through
the core holder body. Therefore, though capable of making four-wire measurements, the
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system was limited to measurements using only the two radial impedance contacts built
into the Viton rubber sleeves used in the earlier experiments. Future experiments will use
the full four-wire capabilities.
2.2.11 Computer Control & Automation
All equipment was monitored by a data acquisition system capable of automatically gath-
ering, processing, and analyzing the data in real time. A National Instruments computer
fitted with appropriate signal processing cards was used for control and data acquisition.
All the electronic lab equipment was controlled and monitored using National Instrument
LabView control software, including all the pumps, the electronic back pressure regulator,
pressure transducers, temperature control chamber, temperature bath, thermocouples, and
impedance analyzer. A custom LabView virtual instrument (VI) was written to control the
experiment, including running all equipment, storing all data, and analyzing the data in
real time. All processes can be monitored at a user-specified sampling rate, typically once
per second. Each experiment collects on the order of a million data points, with only a
graphical summary of a subset of the data typically reported (see Appendix C).
2.2.12 Inductively Coupled Plasma Spectroscopy
A Horiba Jobin Yvon Activa M inductively coupled plasma spectrometer was used for
geochemistry measurements. Inductively coupled plasma spectroscopy (ICP spectroscopy)
is based on exciting the molecules in an aerosolized liquid sample via a radio frequency
magnetic coil to create a plasma. A nebulized fluid sample is introduced into a plasma that
is electrically neutral. The ions combine with electrons and lose them repeatedly, and the
resulting emission spectroscopy is measured. Electrons enter into high-energy states and
begin shedding energy by emitting photons quantized according to the energy gap between
electron states. Therefore, each element emits light at a variety of wavelengths, with a
characteristic strength of emission at each emission wavelength. An optics bench parses the
light with a high-precision refraction grating, such that the number of photons at a particular
wavelength is translated into a voltage at a particular location on a CCD chip. Because
the technique translates photon energy to CCD voltage, there is a minimum energy for
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the signal to be detected above background voltage noise and a maximum energy at which
CCD voltage becomes saturated. Therefore, a given emission line has a range of useful
concentrations; typically the upper limit of quantification is about 105–106 greater than the
lower quantifiable limit. Furthermore, for the selected ICP, multiple wavelengths for a given
element, as well as multiple elements, can be analyzed simultaneously. ICP spectroscopy
can, therefore, analyze concentrations varying from parts per billion to percents in the same
sample. Quantitative ICP spectroscopy is based on comparison with reference standards
with known concentrations of the element of interest and a similar bulk composition. Proper
referencing is critical to accurate quantitative ICP analysis.
ICP Referencing
ICP reference standards were obtained from Horiba Jobin Yvon and Spex Certiprep.
All standards include a certificate showing the method of synthesis and trace impurities
traceable to NIST methodologies. The high NaCl salt content of the brine affects the
overall emission strength of the ICP signal and complicates referencing. A custom reference
standard was obtained to eliminate ICP signal artifacts due to differences in fluid and salt
composition between samples and reference standards. The custom standard was selected
to approximate a 5% NaCl brine with high concentrations of the major cations and lower
concentrations of minor elements and tracers: 20,000 ppm Na, 30,800 ppm Cl, 1,000 ppm
each of Ca, K, and Mg, 10 ppm each of Fe, Li, S, and Y, and 1 ppm of Al. Samples were
diluted both to have sufficient volume for analysis and to reduce matrix effects (see Methods
section below). The diluent was 5% trace-metal grade nitric acid with a 2 ppm Y tracer.
2.3 Methods
2.3.1 Preparations Before Experiments
At the beginning of each experiment the core holder was loaded with a new core. Cores were
held vertically during all experiments. To ensure fluorinert did not contaminate the core,
the radial jacket was first pressurized with nitrogen at a low pressure (≈7 bars) to provide
a seal around the core, before displacing the nitrogen with fluorinert. Radial pressure was
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then increased to the desired 35 bar effective stress with the fluorinert pump running in
constant pressure mode. Next, the vacuum pump was used to evacuate air from the core
and all tubing overnight. All valves were then closed to shut in the core and all sections
of the experiment, and, by observing the absence of a rise in pressure (≤ 10 mbar over an
hour), it was confirmed that the core had no significant air remaining, and that there was
no leak in the system. The brine pumps were then used to saturate the system and the






where µ is viscosity, L is core length, k is permeability, ∆P is the pressure drop into the
vacuum, and φ is porosity. For brine saturating a vacuumed 20 cm P3C core at 1 bar, this
gives a time of:
Tf =
(10−3 Pa · s)(0.1 m)2(0.4)
(1.2 · 10−14 m2)(105 Pa) ≈ 3 · 10
3 s ≈ 1 hour (2.12)
After waiting twice this amount of time to ensure saturation, the brine pressure was in-
crementally increased to approximately 10 bars over 1–2 hours to ensure that the smallest
pores were saturated with brine. Brine was sampled via a bypass line located immediately
before the core for use as a reference for all geochemistry measurements. Initial experiments
were with a 5% NaCl brine to test the effects of salting out. Later experiments aimed to
avoid any possibility of salt precipitation and, therefore, tested Berea sandstone with a 1%
NaCl brine and P3C alumina cores with deionized water. In all cases, salt precipitation did
not significantly affect permeability measurements (see Chapter 3).
2.3.2 Permeability Measurements
A series of brine permeability measurements were made at the beginning of each experiment.
First, brine permeability was measured at atmospheric pressure, with a radial effective stress
matching the intended 35 bar effective stress at high pressure. Next, brine permeability was
measured at atmospheric pressure and full jacketing pressure, 135 bars, to test if there was
any effect on permeability from different applied radial stresses. Finally, brine permeabil-
ity was measured at high pressure: 100 bar pore pressure with a 135 bar radial stress.
CHAPTER 2. EXPERIMENTAL DESIGN 43
Low-pressure measurements were made by diverting eﬄuent to a waste container immedi-
ately after the core. During high-pressure experiments, eﬄuent was sent through the back
pressure regulators and via the vent line to a waste container.
Brine permeability measurements were made by flowing brine at a series of increasing
steps in brine flow rate followed by a matching series of decreasing steps in flow rate at evenly
spaced increments: e.g., 0–3 mL/min in 0.5 mL/min increments for low permeability cores,
and 0–24 mL/min in 4 mL/min increments for higher permeability cores. The highest flow
rate was always limited to maintain a Reynolds number below 0.5 to ensure laminar flow
(Scheidegger, 1974), using pore diameter for length scale based on a permeability-porosity
relationship (Ramakrishnan et al., 2001). Permeability was calculated from a least squares
linear fit to the slope of the data. At least three independent measurements of permeability
were made, and their average was reported for each experiment. This permeability was
then used as the base line for the subsequent CO2 relative permeability measurements.
CO2 Permeability
In two instances, CO2 permeability was measured on post-experiment cores following the
same procedures as those used to measure brine permeability. These cores were soaked
in ethanol overnight, vacuum oven dried at 70◦C overnight, reloaded into the core holder,
evacuated of air overnight, and saturated with liquid or supercritical CO2; finally, CO2 per-
meability was measured at 100 bars pore pressure. In all cases, brine and CO2 permeability
agreed within experimental variation.
2.3.3 CO2 Relative Permeability Measurements
After brine permeability experiments, CO2 was used to purge the system of brine up to the
control panel via a bypass to minimize CO2-brine mixing and carbonic acid formation in the
tubing leading up to the core. CO2 pressure was then raised to 100 bars. The system was
then allowed to stabilize over about an hour until unavoidable CO2 losses due to permeation
into valve elastomers declined to about 10µL/min. This represents an error of less than 1%
of flow at the lowest experimental flow rates and declines to 0.03% of flow at the highest
experimental flow rates.
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CO2 was then injected through the core in a series of incremental flow rates, with
pressure drop across the core allowed to stabilize at each flow rate. Initial experiments
injected CO2 into the core from below. These tend to have buoyancy and viscous instabilities
reinforced and therefore later experiments injected CO2 from above. Flow rates were chosen
so that each experiment lasted no longer than 3–4 hours to minimize the effects of water
evaporation into the unsaturated CO2 phase. The lowest flow rate was chosen based upon
a numerical estimate of breakthrough time by solving a nonlinear diffusion operator, as
discussed in Sivakumar and Ramakrishnan (2006). Flow was doubled until a reasonably high
flow rate, typically around 10 mL/min, and then increased in linear steps until the system’s
maximum stable flow rate was achieved at approximately 30–50 mL/min. High ∆P/Pb
ratios ensured that residual water saturation was approached at the inlet (see Chapter 1).
The pressure drop as a function of flow rate reached a constant slope at higher flow rates,
providing the endpoint CO2 relative permeability as discussed in Chapter 1.
After each experiment, the pressure data was imported into Igor Pro and parsed by flow
rate. Pressure drop at each flow rate was then analyzed visually relative to a non-parametric
locally-weighted regression smoothing fit (loess smoothing; see the Igor Pro manual and
statistical references therein). Pressure drop was taken from the stable pressure data at the
end of each flow rate. A LabView VI was then used to plot flow rate vs. pressure drop, and
to fit slopes between data points providing relative permeability (see Section 1.6.5). The
VI allowed fitting to continuous subsets of the data, as well as multiple continuous subsets
of the data for comparative purposes (see Chapter 3).
2.3.4 Saturation
The change in average brine saturation at each flow step was taken as the sum of the eﬄuent
brine collected from all sampling containers used for that flow step. The measured system
dead volume was subtracted from the brine collected in the first sampling container. The
total volume of brine in the core was calculated based on the known core length, diameter,
and porosity. A LabView VI was used to plot the product of average saturation and flow
rate vs. pressure drop and to fit slopes between data points providing saturation (see Section
1.6.5).
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2.3.5 Geochemical Analysis
Sample Dilution
The ICP requires a sample volume of ≈5 mL for analysis. A typical core has a pore
volume in the range of 20–80 mL depending on porosity and core length. Analyzing the
eﬄuent from all 20 sampling containers at ≈5 mL samples each would require ≈100 mL of
total brine. Therefore, eﬄuent samples will not generally have sufficient brine and must be
diluted. Furthermore, the strong effect of the salt matrix makes referencing much easier
if the brine is diluted. Fortunately, the ppb sensitivity of the ICP allows for significant
dilution without loss of ICP precision. All eﬄuent samples were, therefore, diluted by a
minimum of a factor of 10 to reduce the NaCl salt matrix down to 0.5%. Brine samples
of less than 0.5 mL still had insufficient volume for analysis and were, therefore, diluted to
a total volume of at least 5 mL. Because all ICP measurements included tracers to enable
calculating original concentrations, and, furthermore, all comparisons were made relative
to ICP analysis of samples taken at the beginning of the experiment, the exact dilution was
not important. The diluting fluid was 2% trace metal grade nitric acid to ensure that all
species were mobilized, as well as to ensure matrix matching with the supplied 2% nitric
acid reference standards.
Tracers
Yttrium is a particularly ICP-active element and can be detected accurately at low con-
centrations. Therefore, it was included as a tracer in the 2% nitric acid diluent to measure
the amount of sample dilution. A lithium tracer was included in the brine to test the
amount of sodium precipitation/dissolution in the form of halite. The sodium and lithium
concentrations should have had similar variations from processes such as evaporation of wa-
ter during deaeration and CO2 venting, whereas lithium was present in low concentrations
and, therefore, should not have precipitated. The measurement would, however, be affected
by differential adsorption of sodium and lithium on clay. The use of two tracers enabled
independent measurements of dilution from the sample to diluent yttrium concentration
and halite precipitation from the ratio of sodium to lithium concentration.
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2.4 System Modifications for Low-Pressure Experiments
After the liquid and supercritical CO2 endpoint relative permeability experiments were com-
pleted, it was decided to perform a series of lower-pressure CO2 core floods; see Section 3.1.7.
Several system modifications had to be made for low-pressure gas-phase experiments.
2.4.1 Pumps
The CO2 Isco syringe pumps are not gas tight and therefore, for the gas-phase experiments,
were replaced with a gas-tight Quizix QL-700 dual pump system run in constant flow mode.
The system design required manually setting the pressure regulator on the CO2 cylinder to
deliver a pressure to the pumps that was nearly matched to the steady-state pressure at the
front of the core for a given flow rate and back pressure. The steady-state pressure could
be determined by observing the direction of the pressure decay at the front of the core for
pressures somewhat above or below the steady-state pressure.
2.4.2 Back Pressure Control
System pressure shifts were a known source of measurement errors during supercritical and
liquid CO2 experiments with a low signal-to-noise ratio. Gas-phase CO2 has a lower viscosity
than either supercritical or liquid CO2, and would, therefore, have a correspondingly smaller
pressure drop across a core. Given the variability in the back pressure regulators and the
low experimental pressure drop as a percentage of system pressure, the system was modified
to enhance back pressure stability. After passing through the two back pressure regulators,
the eﬄuent was sent to an Isco syringe pump rather than the eﬄuent sampling system,
sacrificing eﬄuent sampling to enable active back pressure control. The brine Isco 1000D
pumps were reused for this purpose. After being used to deliver water to saturate the core
and perform permeability measurements, the pumps were drained and vacuumed dry. They
were then run individually under constant flow refill mode, with the total flow rate chosen
to match the CO2 Quizix pump flow rates. Unlike CO2 delivery, here the slow pressure
change of the compressible gas was a benefit, providing back pressure stability. Any minor
leakage of CO2 out of the Isco pumps would not have affected any measured quantities or the
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upstream core flood. Venting was performed by increasing the refill flow rate in one pump
to allow the second pump to be stopped and vented. Venting was via a 1 L high-pressure
sample cylinder to avoid any CO2 hydrate or ice formation. This system was successful in
stably controlling back pressure.
2.5 Sources of Measurement Error
CO2 Leakage
CO2 permeated into and through elastomers. Minor leakage was, therefore, unavoidable
and was about the 10µL/min of CO2 that needed to be flowed to prevent pressure from
slowly declining. Relative to the experimental flow rates, this was an error of 1:100 at a
flow rate of 1 mL/min declining to 1:3000 at a flow rate of 30 mL/min. The error associated
with, e.g. signal noise, was in all cases larger than this.
Porosity
Porosity was measured in a pycnometer at ambient pressure, while the experiment was
performed at 100 bars with an effective stress of 135 bars, almost certainly changing the
actual porosity. The error in the porosity measurement was likely at least as large as the
error in any of the other measurements being made. Therefore, while brine saturations were
reported to the tenth of a percent, they should probably only be considered accurate to a
percent.
Water Evaporation in the Core
The system design did not allow for saturating the CO2 with water or the aqueous
phase with CO2 prior to the experiment. Both phases will be mutually unsaturated during
analogous processes in a CO2 sequestration reservoir. However, during these core flood
experiments, some evaporation of water out of the aqueous phase in the core may have
occurred and caused deviations from capillary-controlled pore occupancy. This would have
had the effect of opening up fluid pathways to CO2 and should have generally increased
relative permeability. This effect was minimized by limiting the length of all experiments
to 3–4 hours.
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Salt Precipitation
During a given CO2 flood, it was only possible to measure the effective permeability, and it
was, therefore, possible that salt precipitation could have caused a reduction to intrinsic rock
permeability distinct from multiphase relative permeability effects. Therefore, experiments
were repeated with lower salt content. A Berea sandstone core was tested with a 1% brine
to avoid altering clays in addition to salt precipitation. Finally, P3C alumina ceramic cores
were tested with salt-free deionized water. In all cases, there was no discernible effect on
measured endpoint relative permeability.
Pressure Fluctuations
Finally, an additional experimental error occurred at high pressure because of fluctuations
in the back pressure regulator of about 1 bar. Experimental data was noisy, varying by 5–
10%, but not affecting the overall trends in the data.
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Chapter 3
Experimental Results
3.1 CO2 Core Flooding: Relative Permeability & Saturation
Results are presented in the order in which the experiments were performed. Experimental
data is contained in Appendix C in graphical format. Each experiment produces a vast
amount of data, and only the relevant results are presented.
3.1.1 Summary of Results
A summary of experimental conditions and results is shown in Table 3.1, organized by
experimental conditions and in approximately chronological order. The experiments uni-
versally had intermediate values of endpoint drainage CO2 relative permeability and a fairly
typical range of average CO2 saturations after the highest displacement flow rates.
The first experiments were run at liquid CO2 conditions (100 bars, 20
◦C) on 10 cm
(4”) long, 3.8 cm (1.5”) diameter cores initially saturated with a 5% NaCl brine. After
testing the system on a synthetic glass-bonded silica core, the first successful experiment
was run on a P3C alumina ceramic core (k=12.0 mD, kor=0.34, S
o
CO2=0.67). This was
followed by two experiments on higher permeability Berea 500 sandstone cores (k=688 mD,
kor=0.19, S
o




CO2=0.55). Next, it was confirmed that dense-
phase CO2 permeability agreed with brine permeability and not, e.g. nitrogen permeability,
which is typically about 50% higher than brine permeability. Liquid CO2 permeability
(100 bars, 20◦C) was identical to water permeability in a P3C core, kCO2=kwater=12.9
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Table 3.1: Summary of endpoint CO2 relative permeability results
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mD. Supercritical CO2 permeability in a Berea 500 sandstone core was approximately the
same as brine permeability, kCO2=630 mD vs. kbrine=688 mD, but the small pressure drop
prevented measuring CO2 permeability at a series of flow rates.
To eliminate any possibility of permeability reduction due to physical rearrangement
of the pore network, the next experiment was run on an inert P3C alumina ceramic core
with deionized water in place of the 5% NaCl brine. The experiment was run at liquid CO2
conditions (100 bars, 20◦C) and had an intermediate endpoint CO2 relative permeability
(k=12.9 mD, kor=0.37) at a high CO2 saturation (S
o
CO2=0.76). This confirmed that the
experiments were measuring multiphase fluid effects and not, e.g. permeability reduction
from salt precipitation. All subsequent experiments were run with deionized water, or, in
the case of a Berea 100, a 1% NaCl brine, to ensure the absence of geochemical rock matrix
alteration, and thus causing a permeability decrease.
Next, an experiment was run at supercritical conditions (100 bars, 50◦C) on a P3C core
to ensure two-phase flow by moving far away from both the gas-liquid and liquid-hydrate
transitions on the CO2 phase diagram. Once again, endpoint CO2 relative permeability had
an intermediate value (k=12.3 mD, kor=0.30) at a high average CO2 saturation (S
o
CO2=0.76).
Experiments were then repeated with higher signal-to-noise ratios by doubling the
length of P3C cores to 20 cm, and using a lower permeability Berea 100 sandstone core
(k=118.7 mD). These experiments confirmed previous results. P3C cores tested with deion-
ized water had intermediate endpoint relative permeability at both liquid CO2 (100 bars,
20◦C, k=12.2 mD, kor=0.34, SoCO2=0.66) and supercritical CO2 conditions (100 bars, 50
◦C,
k=12.1 mD, kor=0.37, S
o
CO2=0.60). The Berea 100 core was tested at liquid CO2 conditions
with a 1% brine to reduce or eliminate salt precipitation while avoiding clay swelling, and
it had an intermediate endpoint relative permeability (kor=0.44, S
o
CO2=0.95).
Finally, a set of gas phase experiments was performed on a 20 cm P3C core with a
modified setup at 20◦C to measure relative permeability of CO2 at lower pressures and
densities. The modified setup sacrificed the ability to collect eﬄuent, and hence data
on saturation, for the increased back pressure stability necessary to perform gas phase
experiments. Gas phase back pressures tested were 10, 20, and 35 bars (k=11.9 mD,
kor=0.38, 0.40, 0.56), and to complete the series, liquid CO2 was tested at 65 bars (k
o
r=0.50).
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Endpoint CO2 relative permeability values were, in ascending order: 0.19, 0.30, 0.34,
0.34, 0.37, 0.37, 0.38, 0.38, 0.40, 0.44, 0.50, 0.56. The values are tightly clustered around
0.37, with seven experiments between 0.34 and 0.40, an additional three experiments at
0.30, 0.44, and 0.50, and two outliers at 0.19 and 0.56; see Figure 3.1. The median is 0.375
and the mean is 0.38 with a standard deviation of 0.09.
Figure 3.1: Box plot of endpoint CO2 relative permeability results with various non-
parametric statistical measures
3.1.2 Experiments at High Pressure
3.1.2.1 QF-20 Glass-Bonded Silica, 100 Bars, Liquid CO2, 5% NaCl Brine
The first experiment aimed to test the various experimental systems, to find and fix any
design problems, and to establish experimental protocols. Therefore, testing was with a syn-
thetic, nearly homogenous and inert, high permeability synthetic glass-bonded silica core,
sold as a QF-20 air filter by Filtros. A variety of experimental problems were identified and
resolved. Solutions implemented included adding higher-resolution 10 bar pressure trans-
ducers, adding the high-pressure sampling system, adding a second back pressure regulator
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and a pair of needle valves to the vent line to step down venting CO2 pressure in stages,
and completely rewriting the LabView control VI.
Brine permeability was found to be 22.5 D with a standard deviation of 1.1 D. The
pressure drop during brine permeability was about 500–2,500 Pa, setting the precision for
all subsequent measurements. This experiment concluded with the realization that since
pressure drop for low viscosity CO2 across a 22.5 D core was a magnitude of about 1 kPa,
it was simply not large enough to separate from signal noise at an experimental pressure
of 10 MPa. This was not considered a major setback, as real rocks have permeabilities that
are much lower than this and, therefore, can provide a tractable pressure signal.
3.1.2.2 P3C Alumina Ceramic, 100 Bars, Liquid CO2, 5% NaCl Brine
The next experiment was to test the experimental system with a lower permeability core
capable of providing a clear signal to confirm that the previous problem was not a de-
sign error, but rather an artifact of having a low signal-to-noise ratio. The next core was,
therefore, a low-permeability synthetic P3C alumina ceramic core, chosen to avoid any com-
plications from either geochemical reactivity or transport heterogeneity. Brine permeability
was measured to be 12.0 mD with a standard deviation of 0.1 mD, and it confirmed that
the signal-to-noise ratio was dramatically higher. Figures C.1, C.2, C.3, C.4, and C.5 and
Table C.2 show the progression of displays, spreadsheets, and plots used to analyze the
data. Figure C.1 is a screenshot of the LabView VI showing an example of a brine perme-
ability experiment. Figures C.2 and C.3 are Igor Pro plots of flow rate vs. pressure and
pressure drop, respectively. Table C.2 shows the raw data used to calculate saturations.
Figure C.4 shows CO2 relative permeability as the slope of pressure drop vs. flow rate.
Figure C.5 shows relative permeability and saturation between all pairs of consecutive flow




3.1.2.3 Berea 500 Sandstone, 100 Bars, Liquid CO2, 5% NaCl Brine
With the system working, a real rock core was tested next. A Berea 500 sandstone was
saturated with a 5% brine. Brine permeability was measured to be 688 mD with a standard
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deviation of 4.2 mD.
This experiment had a procedural error during CO2 core flooding. During this experi-
ment, CO2 flow turned off in the middle of the experiment, shortly after increasing flow from
8 to 12 mL/min. After several minutes, flow was resumed and the experiment continued
normally. Figure C.6 shows that the pressure data shifts after flow was resumed, but that
relative permeability before and after is consistent. Figure C.7 shows relative permeability
and saturation between all pairs of consecutive flow rates, with the same temporary issue
clearly visible as a one-time anomaly. Therefore, it is concluded that the experiment was
valid except for data that includes the shutoff between 8 and 12 mL/min. Endpoint CO2
relative permeability and saturation were found to be kor=0.19 and S
o
CO2=0.60.
3.1.2.4 Berea 500 Sandstone, 100 Bars, Liquid CO2, 5% NaCl Brine
It was anticipated that endpoint CO2 relative permeability would be high, in the range of
0.8–1. The low to intermediate endpoint CO2 relative permeabilities of the two preceding
experiments were therefore a surprise. To confirm this result, the Berea 500 experiment
was repeated with a different core, found to have a brine permeability of 665 mD with a
standard deviation of 8.1 mD.
Flow was not allowed to stabilize properly during the earliest flow steps. Breakthrough
occurred shortly before the first flow step (1 mL/min) ended. Similarly, the second step was
also not allowed to proceed to completion. However, having realized this, the final steps
were allowed to run for longer times and provided stable pressure drops. The experimental
method is contingent on the flow rate monotonically increasing so that pressure drop and,
therefore, capillary pressure only increases during the experiment to create a monotonic
decrease in brine or water saturation throughout the core and throughout the experiment.
Therefore, the errors in waiting for pressure stabilization in the earliest flow rates of the
experiment do not affect the measurements made at the highest flow rates, from which
endpoint CO2 relative permeability and residual saturation are reported. Therefore, while
the early data must be discarded, the data from 15, 20, and 30 mL/min is valid. Figure
C.8 shows CO2 relative permeability as the slope of pressure drop vs. flow rate, with the
anomalously high early pressures and a linear slope at high flow rates. Figure C.9 shows
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two sets of relative permeability and saturation data, one for comparisons at all flow rates
and the other for only the data from flow rates at 15 mL/min and higher. It is clear that
the data from lower flow rates is in error but that the data at higher flow rates is valid and




An attempt was made to run a second experiment with this core with a 1% NaCl brine,
but it failed due to CO2 remaining in the core and core sleeve despite vacuuming the system
overnight.
3.1.3 CO2 Permeability
Next, CO2 permeability was measured on a P3C alumina ceramic core and a Berea 500 sand-
stone core to confirm that liquid brine permeability and not nitrogen permeability, was the
appropriate referencing permeability for CO2 relative permeability measurements. It was
anticipated that dense-phase liquid or supercritical CO2 would have the same permeability
as liquid brine and not gaseous nitrogen, which exceeded the liquid brine permeability by
about 50% (see Table 3.1).
CO2 permeability on a P3C core was identical to brine permeability: kCO2=12.9 mD
with a standard deviation of 0.5 mD vs. kwater=12.9 mD with a standard deviation of
0.4 mD. Higher permeability Berea 500 sandstone had low pressure drops, ≈1 kPa, and,
therefore, small shifts in system pressure created comparatively large error measurements
that precluded getting a full CO2 permeability measurement. However, the few data
points that were taken had permeabilities that were indicative of the brine permeability
(kCO2=630 mD vs. kbrine=688 mD) and not nitrogen permeability (kN2=1085 mD).
3.1.4 Experiments at High Pressure with No Salt
To ensure that physical changes to the rock core by salt precipitation were not causing a
reduction in intrinsic permeability, all subsequent P3C ceramic alumina experiments were
run with deionized water.
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3.1.4.1 P3C Alumina Ceramic, 100 Bars, Liquid CO2, Deionized Water
Water permeability was measured to be 12.9 mD with a standard deviation of 0.5 mD.
Starting at 4 mL/min, CO2 relative permeability was nearly constant at kr=0.36–037 (see
Figure C.10). The pressure measurement at 15 mL/min is a minor signal aberration and is
slightly above the slope to the rest of the data, but it does not affect relative permeability
measured across multiple data points. However, relative permeability measured between
adjacent points is locally affected; see Figure C.11. Endpoint CO2 relative permeability
and saturation were found to be kor=0.37 and S
o
CO2=0.76.
3.1.4.2 P3C Alumina Ceramic, 100 Bars, Supercritical CO2, Deionized Water
The next experiment was performed at supercritical conditions because it was of primary
interest and also because it ensured that CO2 could not locally form a third phase, whether
as gas, solid, or clathrate. Water permeability was 12.3 mD with a standard deviation of
0.1 mD.
This experiment was very noisy, with frequent step changes in back pressure of 1–2 bars
(see Figure C.12). These system pressure shifts caused the pressure drop across the core to
shift as well, with changes on the order of about a bar; see Figure C.13. Impedance across
the core also had large shifts up and down, pointing to internal rearrangement of the phases
as system pressure swings up or down; see Figure C.14. The large pressure swings make
discerning relative permeability difficult. The pressure drop reported at any value should
be understood to have extremely large error bars, and, therefore, the relative permeability
between any two flow rates is highly variable. Furthermore, the pumps had a brief shutoff
at 30 mL/min and ran for only a short time at 40 mL/min.
Despite these difficulties, the general trend across the whole data set is still quite clear
and invariant to any data selection. When fit to the data across several flow rates, relative
permeability is around 0.3 in all cases, see Figure C.15, with variations between adjacent
flow rate steps due to the noisy data; see Figure C.16. Endpoint CO2 relative permeability
and saturation were found to be kor=0.30 and S
o
CO2=0.76. Another way to think of this is
that for relative permeability to be grossly in error, e.g., the true relative permeability is
either 0.15 or 0.6, the pressure drop at high flow rates would have to be dramatically dif-
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ferent. Assuming that after 8 mL/min the pressure followed a slope corresponding to either
a relative permeability of 0.15 or 0.6 instead of 0.3, the pressure drop at 40 mL/min would
need to be either 1 MPa or 350 kPa, respectively, with similar changes at all intermediate
flow rates.
3.1.5 Experiments at High Pressure with Greater Signal-to-Noise Ratio
& No or Low Salt
To increase the signal-to-noise ratio, all subsequent experiments were performed on either
P3C alumina ceramic cores that were twice as long, 20 cm instead of 10 cm, or a lower-
permeability Berea 100 sandstone. The previous experiments were repeated for confirma-
tion, with deionized water for the P3C cores and low salt for the Berea core.
3.1.5.1 P3C Alumina Ceramic, 100 Bars, Liquid CO2, Deionized Water
Water permeability was measured on the 20 cm long P3C core as k=12.2 mD with a standard
deviation of 0.03 mD. The data for this experiment is very clean, with nothing unusual to
report; see Figures C.17 and C.18. Endpoint CO2 relative permeability and saturation were
found to be kor=0.34 and S
o
CO2=0.66.
3.1.5.2 Berea 100 Sandstone, 100 Bars, Liquid CO2, 1% NaCl Brine
Next, a lower permeability Berea sandstone core was tested. A 1% NaCl brine was used to
ensure that clays did not swell or wash out. Brine permeability was measured as 118.7 mD
with a standard deviation of 2.4 mD.
Several errors occurred during this experiment. The pumps shut down briefly during the
8 and 30 mL/min flow rates. However, neither of these shutdowns appears to have affected
the results; see Figures C.19 and C.20. The clear error in the figures occurs because of a
20 s pressure wobble at 20 mL/min due to a delay in switching to a new sampling container.
Upon the sampling container filling, the entire system pressure climbed from about 100 bars
up to 104 bars in 7 s. Upon switching to a new sampling container, the pressure instantly
dropped to 96 bars, bottomed out at 94 bars 2 s later, and then over 8 s climbed back to
100 bars and stabilized. Pressure was otherwise normal before and after, and the relative
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permeability before and after was not affected; see Figure C.19. Endpoint CO2 relative
permeability and saturation were found to be kor=0.44 and S
o
CO2=0.95.
3.1.5.3 P3C Alumina Ceramic, 100 Bars, Supercritical CO2, Deionized Water
With the encouraging results from a longer P3C core at liquid CO2 conditions, CO2 core
flooding was attempted at supercritical conditions with a 20 cm P3C core. Water perme-
ability was 12.1 mD with a standard deviation of 0.05 mD. Breakthrough did not occur
until 4 mL/min, so there is no data at 1 mL/min. The flow rate was limited to 15 mL/min
because the pumps were not able to reload quickly enough and shut down at 20 mL/min.
However, sufficient data was obtained to measure endpoint CO2 relative permeability and
saturation, kor=0.37 and S
o
CO2=0.60; see Figures C.21 and C.22.
3.1.6 Evaluation of High-Pressure Experiments
Based on this final series of experiments with high signal-to-noise ratio, no or low salt, liquid
and supercritical CO2 conditions, and both synthetic, nearly homogenous P3C cores and
a natural Berea sandstone, it was concluded that the previous results could not have been
in error. At high pressure, dense-phase CO2 displacing water has an intermediate endpoint
relative permeability.
3.1.7 Experiments at Lower Pressures
It is well known that inert low-density gases such as nitrogen are the nonwetting phase when
displacing a water; see, e.g., Anderson (1987). It was anticipated that, similarly, gas-phase
CO2 endpoint relative permeability should be in the range of 0.7–1. Therefore, a final series
of low-pressure CO2 core floods was performed. These experiments required modification
of the experimental setup, sacrificing eﬄuent collection and saturation data for improved
back pressure stability; see Section 2.4.
All low-pressure experiments were performed on the same 20 cm P3C alumina ceramic
core with deionized water at 20◦C. Water permeability was 11.9 mD with a standard de-
viation of 0.3 mD. CO2 flow rates were generally much higher to achieve larger pressure
drops across the core to ensure a stronger signal. The stability of the back pressure system
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allowed experiments to be run at many more flow rates, with smaller step changes in flow
rate. The compressibility of the CO2 gas phase requires a correction to the method which
leads to a 10–15% increase in the reported relative permeability, a correction not included
in the values reported here.
3.1.7.1 P3C Alumina Ceramic, 5 Bars, Gaseous CO2, Deionized Water
The first low-pressure experiment (5 bars) tested a first set of system modifications and
failed, requiring further changes, including replacing the CO2 Isco syringe pumps with the
Quizix pump set, as well as minor changes to the modified back pressure system.
3.1.7.2 P3C Alumina Ceramic, 10 Bars, Gaseous CO2, Deionized Water
The lowest gas-phase CO2 pressure tested was 10 bars to ensure that the pressure drop
across the core was appreciably smaller than the absolute pressure to control compressibility
effects. Back pressure shifts on the order of 1 bar at the very lowest and highest flow rates
produced inconsistencies in the data. This required discarding subsets of the data that were
too small to produce a relative permeability measurement at either end of the experiment.
However, the vast majority of the experiment was stable and consistent. Endpoint CO2
relative permeability was found to be kor=0.38.
3.1.7.3 P3C Alumina Ceramic, 20 Bars, Gaseous CO2, Deionized Water
Intermediate gas-phase pressure was chosen to be 20 bars. Back pressure rose by several
bars during the 18 mL/min flow step, causing a shift in the pressure data; however, there
are ample consistent data before and after. Endpoint CO2 relative permeability was found
to be kor=0.40.
3.1.7.4 P3C Alumina Ceramic, 35 Bars, Gaseous CO2, Deionized Water
The highest gas-phase CO2 pressure tested was 35 bars to avoid any possibility of reaching
liquid CO2 pressures at ≈57 bars. A pressure drop during the 21 mL/min flow step caused
a shift in pressure, but, again, there are ample consistent data before and after. Endpoint
CO2 relative permeability was found to be k
o
r=0.56.
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3.1.7.5 P3C Alumina Ceramic, 65 Bars, Liquid CO2, Deionized Water
To fill in the gap in pressures tested between the highest gas-phase experiment at 35 bars
and the earlier liquid CO2 experiments at 100 bars, a final liquid CO2 experiment was
performed. Pressure was chosen to be 65 bars to ensure sufficient pressure elevation above
the gas/liquid CO2 phase boundary. There is a clear error in the data from pressure not
appreciably changing at flow rates from 26 to 30 mL/min; see Figure C.23. However, there
is no discernible reason for the lack of a change in pressure drop between these flow rates.
There is no experimental error to explain this. However, the data at lower and higher flow
rates are clearly in agreement with the apparent lack of pressure change connecting the
slopes fit to the two data sets; see Figure C.23. CO2 relative permeability increased from




The core flooding experiments were designed to measure endpoint CO2 relative permeabil-
ity at residual water saturation. The experiments were, therefore, not made in such a way
to control variables affecting the impedance measurements. Therefore, while the system is
capable of performing highly accurate impedance measurements, the experimental protocol
did not aim to provide highly accurate and controlled impedance measurements. Further-
more, the silver core plug terminals caused a short circuit through the metal core holder
body that necessitated making two-wire measurements through the radial impedance termi-
nals embedded in the rubber sleeve. This arrangement measures only a limited subsection of
the core. The impedance measurements are therefore considered qualitative and only serve
to confirm the low brine saturations directly measured from mass balance. Figure C.14 was
discussed in Section 3.1.4.2 above and shows impedance across the third P3C core. The
deionized water caused the relatively high initial impedance, and, therefore, there is com-
paratively little change in impedance. Figures C.24 and C.25 show examples of impedance
as CO2 displaces brine. In both cases, the lowest flow rates cause rapid, large increases in
impedance upon the CO2 reaching the section of the core between the impedance terminals.
After the first two flow rate steps, impedance only gradually increases. Presumably this is
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because residual brine saturation has been reached locally and water evaporation into the
flowing CO2 phase.
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Chapter 4
Discussion
4.1 Relative Permeability & Wettability
4.1.1 End Point Relative Permeability Provides Wetting State
Prior to these experiments, it was anticipated that CO2 would behave as a strongly non-
wetting fluid. As a consequence of being strongly nonwetting, it was expected that CO2
drainage endpoint relative permeabilities would be in the range of 0.8–1. Instead, the exper-
iments had intermediate relative permeability values, clustered around 0.35–0.4. Moreover,
the results appear to be qualitatively independent of pressure, temperature, CO2 phase,
salinity, and, within the narrow range of ceramic and sandstone mineralogy. Many more
experiments would be necessary to be able to state with confidence that any one of these
variables did not have a quantitative effect on endpoint relative permeability. It is, e.g., well
known in the petroleum literature that wettability between fluid pairs is often different in
sandstones and carbonates. Qualitatively, however, the measured values are characteristic
of CO2-water behaving as a weakly nonwetting fluid.
4.1.2 CO2-Brine Relative Permeability Literature Revisited
As discussed in Chapter 1, other recent investigations of the relative permeability of CO2
displacing brine have also shown low CO2 relative permeabilities, supporting these findings.
As yet unpublished experiments focused on endpoint CO2 relative permeability support the
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data presented in this thesis (Piri and Akbarabadi, 2010). Flow-through experiments in a
glass micromodel suggest that CO2 may be weakly water wetting or intermediate wetting at
pressures and temperatures similar to those in these experiments (Chalbaud et al., 2007).
4.1.3 CO2-Brine Contact Angles
As discussed in Chapter 1, the contact angle between two bulk fluids resting on a solid
substrate serves as a proxy measurement for in situ wettability. Contact angle measurements
of water-saturated CO2 and CO2-saturated brine on mica show drainage contact angles
through the brine phase increasing to 60◦ with increasing pressure (Chiquet et al., 2007);
see Figure 4.1. The same measurements on quartz show lower contact angles, increasing to
only 35◦ with increasing pressure; see Figure 4.2. The unpublished imbibition contact angles
were reported to be larger, though more so for mica than quartz; the example provided was
an imbibition contact angle of 80◦ compared to a drainage contact angle of 35◦ for mica. The
authors hypothesize that the observed contact angles at high pressure can be explained by
a reduction in negative surface charge density due to a decrease in brine pH from carbonic
acid formation at high CO2 pressures.
The intermediate contact angles at high pressure for mica are characteristic of what
would be expected to produce the observed endpoint relative permeabilities. However,
the lower contact angles for quartz may be more applicable for Berea sandstone. The
appropriate contact angle for the P3C alumina ceramic is not known, and making such a
measurement was not possible due to the specialized nature of the necessary high-pressure
equipment.
4.1.4 CO2 Is Not an Inert Phase: Possible Mechanisms
Based on the observed intermediate relative permeability values, CO2 cannot be treated
as an inert nonwetting phase. Intermediate endpoint relative permeabilities imply that
residual brine is blocking flow paths. The CO2-water system differs from most porous
media fluid pairs in that the two fluids are slightly miscible and also chemically reactive.
The resulting carbonic acid dissociates into carbonate and bicarbonate and locally alters
pH. The pore- and molecular-scale physics and chemistry of this system are highly complex
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Figure 4.1: Drainage contact angles of CO2 and brine as a function of pressure on a mica
surface. (Chiquet et al., 2007)
Figure 4.2: Drainage contact angles of CO2 and brine as a function of pressure on a
quartz surface. (Chiquet et al., 2007)
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and require a significant treatment beyond the scope of this discussion. However, several
possible mechanisms for the observed behavior are proposed and discussed in brief, including
CO2-rock interactions through carbonic acid formation, miscibility with subsequent fluid-
rock interactions, and complex CO2-water-rock interactions.
Initially, a pore is filled with brine. The endpoint relative permeabilities indicate that
CO2 is not the wetting phase and so the solid surfaces of the pore walls are assumed to
be initially hydrophilic. The brine and rock react at the pore wall based on a variety
of local surface effects. Due to chemisorption at pore walls, hydroxyl groups will likely
be attached to silica or alumina surfaces. At the molecular scale, local heterogeneities in
the rock matrix will create locally neutral, negative, and positive sites that are further
altered by the presence of multivalent anions and cations, as well as local pH. Upon the
introduction of high-pressure CO2, carbon dioxide will interact with the brine, forming
aqueous carbon dioxide, carbonic acid, carbonate, and bicarbonate, as well as lowering the
brine pH. Any of these aqueous-phase species can interact with and alter the solid surface
thereby the interfacial energies. This may provide a simple mechanism for locally altering
surface wettability and thereby increasing compatibility with pressurized or supercritical
CO2. Adsorption of, e.g., carbonate or bicarbonate will depend on localized availability
of favorable surface sites. Experiments with CO2 in silica aerogels, as well as molecular
dynamics simulations between CO2 and muscovite, have shown CO2 layers bound to mineral
surfaces (Cole et al., 2010). While both the experiments and molecular simulations were
in the absence of water, the simulations appeared to indicate that hydroxyl groups at the
muscovite surface acted as anchors for CO2 attachment to the solid surface as carbonate.
Carbonate-adsorbed surfaces would presumably have an altered affinity for the CO2 and
aqueous phases.
Another possibility is that the system may rearrange dynamically as local conditions
change, so that, e.g., CO2 is initially nonwetting and invades the center of pores, but
becomes the wetting phase or partially wetting phase after some threshold. In the oil-water
system, it is well known that surfactants in the oil, or even the oil itself, often locally alter
the wettability of the portion of a pore that the oil comes in contact with, changing it from
hydrophilic to hydrophobic (Oren and Bakke, 2003); see Figure 4.3. In such cases, the oil
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will only come into contact with the solid surface when the capillary pressure exceeds the
disjoining pressure, causing the thin brine film along the pore wall to rupture (Kovscek et
al. 1993 after Oren and Bakke, 2003).
Figure 4.3: Pore-scale wettability alteration and fluid distribution. (a) After oil displaces
wetting-phase water, areas in contact with the oil change from hydrophilic to hydrophobic
due to surfactants in the oil. Note that residual water remains in corners of the pore. (b)
Subsequent water behaves as a nonwetting fluid, occupying the center of the pore, and a
thin film of oil remains on the altered surface. (Oren and Bakke, 2003)
Analogous surfactant-like processes are possible in the CO2-brine-carbonic acid-carbonate-
bicarbonate system. Furthermore, unlike the hydrocarbon-water system, carbon dioxide is
weakly miscible in the aqueous phase and may not require the removal of the thin brine
film that is left for transport to the underlying solid surface. The same applies to any of
the carbonate species.
These processes may prove to be highly coupled and may require a series of interactions.
For example, carbonate displacement of hydroxyls via an aqueous phase species interacting
with the solid surface, followed by carbon dioxide displacing the thin brine film, could
create an autophobic effect, a spreading hydrophobic area, that is reliant in part on the
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much greater water-water interactions relative to water-surface interactions. More likely,
resorting to such complex mechanisms is unnecessary, and a simpler explanation will suffice.
4.1.5 Pore- & Molecular-Scale Data Are Needed
To resolve the observed core-scale endpoint relative permeabilities and the inferred in situ
wettability, an understanding of pore-scale fluid-fluid-rock interactions is required. This
points to the need for pore- and molecular-scale experimental data on transport and surface
chemistry processes, with a particular need to understand the dynamics of CO2 and thin
brine films. There is nearly an absence of such data at the necessary high pressures, without
which only conjecture is possible. A major experimental and modeling initiative to study
such phenomena at a variety of scales has recently begun at the Center for Nanoscale Control
of Geologic CO2, primarily located at Lawrence Berkeley and Oak Ridge National Labs.
4.2 Implications for Geologic Carbon Sequestration
4.2.1 Darcy’s Law Revisited
Taking relative permeability as a function of endpoint relative permeability as before, Equa-
tion 1.12, the reduction of endpoint CO2 relative permeability from the expected value of
0.8–1 to the measured value of 0.35–4 will cause a proportional decrease in the flow rate of
injected CO2 under the simplification that everything else can be held equal. Under this
simplification, a third to half as much CO2 can be injected for the same amount of effort.
More sophisticated models show similar reductions; see, e.g., Kopp et al. (2009).
4.2.2 Reservoir-Scale Effects
Lower CO2 relative permeability will affect the flow of CO2 at reservoir scale in several ways.
Many CO2 reservoirs will be limited by the fracturing pressure of the overlying caprock;
see, e.g., Lucier et al. (2006); Stauffer et al. (2008). Lower CO2 relative permeabilities will
decrease storage capacity in these reservoirs. The other limiting condition on CO2 reservoirs
will be the areal extent of the plume due to, e.g., a finite-area impermeable seal, the need
to avoid leakage pathways, or area-limited pore space rights; see, e.g., Kopp et al. (2009).
CHAPTER 4. DISCUSSION 68
In tilted reservoirs, CO2 plume areas scale as the square root of the mobility ratio,√
λCO2/λH2O (de Loubens and Ramakrishnan, 2010), and, therefore, storage capacities will
increase in inclined area-limited reservoirs. A reduction in CO2 mobility may stabilize plume
fronts, as similar analyses have shown for water flooding in oil reservoirs (Willhite, 1986).
A variety of indirect effects, including plume evolution and residual capillary trapping, may
also be linked to mobility (see, e.g., Altundas et al., 2010). Finally, the intermediate value
for CO2 wettability found in this study supports concerns that higher CO2 contact angles
will decrease the capillary breakthrough pressure and allow leakage at lower pressures in
certain reservoirs previously trapping natural gas (Chiquet et al., 2007).
An important difference between immiscible oil/water and semi-miscible CO2/water is
that while immiscible fluids can remain trapped, blocking flow, semi-miscible fluids will
gradually be dissolved into passing unsaturated flow, slowly removing any relative per-
meability reduction due to flow blockage. Water is weakly miscible in dense-phase CO2,
∼0.1% v/v (Spycher et al., 2003), and, therefore, residual water will very slowly evapo-
rate into the passing CO2 flow, slowly increasing relative permeability (Kopp et al., 2009).
Because the CO2 will quickly become saturated, this process will typically only affect the
zone nearest the wellbore. While evaporation of water will increase relative permeability,
the salt left behind from the brine will precipitate, potentially decreasing absolute perme-
ability. The injection of a bank of freshwater ahead of the CO2 plume might avoid any
salt precipitation (Pruess and Muller, 2009; Muller et al., 2009). Flow would then slowly
increase in the near-wellbore region during injection.
Based on these results, modeling efforts should incorporate the sensitivity to varying
relative permeabilities of CO2 in brine-saturated formations. Finally, future petrophysical
analyses for potential CO2 sequestration sites should include core-scale relative permeability
measurements to improve the versatility of reservoir models. Similar core analyses are
routinely conducted in the petroleum industry.
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4.3 Future Work
A series of relative permeability experiments can be performed to systematically quantify
the effects of varying each of the variables controlled in these initial experiments. This
includes varying CO2 pressure and temperature, as well as CO2 phase and CO2 density, to
quantify their effect on relative permeability. Also of interest is the effect, if any, of brine
salinity on relative permeability, though this may be only a marginal effect. Furthermore,
if each experiment was allowed to run for a much longer time, the competing effects of wa-
ter evaporation into CO2 and salting out could be measured. This could then be followed
by introducing an initial freshwater bank of varying volume to test how this changes per-
meability reductions due to salt precipitation. Finally, changing the complexity of cores is
obviously of interest. The first complication to add is increasing mineralogical complexity in
sandstones, as well as increasing permeability heterogeneities. Carbonates are of significant
interest. Carbonate flooding requires careful equilibration of the water used to saturate
the core with carbonate to prevent dissolution into unsaturated water from dominating
the measurements. Disentangling relative permeability and dissolution may require more
elaborate experimental designs and procedures. Finally, the radial stress can be varied to
measure permeability evolution as a function of coupled geochemistry and geomechanics.
The sampling and ICP capabilities of the system enable measuring geochemistry, as
well as salting out, via the eﬄuent composition. Dissolution and precipitation reactions can
be studied in parallel with relative permeability experiments, first in more mineralogically
complex sandstones, and then in carbonates. To study the most reactive case in which
the most amount of dissolution would be expected, while avoiding any relative permeability
effects, core flooding can be performed with carbonated brine in place of CO2. To study the
reactivity of the CO2 phase, the opposite test can be performed, with CO2 fully saturated
with water injected into CO2-saturated cores.
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Chapter 5
Conclusion
A high-pressure CO2 core flooding reactor was designed and built for multiphase transport
and geochemistry experiments at in situ conditions relevant to geological and sub-sea car-
bon sequestration. Experiments were designed to measure the relative permeability of CO2
displacing water at residual water saturation, called the endpoint drainage relative perme-
ability. Experiments were conducted with synthetic and natural rock cores at both liquid
and supercritical conditions, at a range of pressures, temperatures, and salinities. Endpoint
CO2 relative permeabilities were found to be tightly clustered at intermediate values around
0.35–0.4. Because the endpoint relative permeability is determined by wettability, these val-
ues indicate that CO2 cannot be treated as an inert strongly nonwetting phase. Pore-scale
experiments are needed to explain the causal physics and chemistry. Based on these results,
CO2 injectivity will be reduced, pressure-limited reservoirs will have reduced capacity, and
inclined area-limited reservoirs may have increased capacity. Modeling efforts will need
to incorporate the effect of reduced relative permeability, as well as sensitivity to varying
relative permeability values. Finally, because injectivity and storage capacity are sensitive
to relative permeability, future petrophysical analyses for potential CO2 sequestration sites
should include relative permeability measurements on reservoir core samples rather than
relying on extrapolations based on prior studies. Assuming the majority of reservoirs are
pressure limited, and if the experimental results reported here are found to apply to other
lithologies as well, geologic carbon sequestration at scale will require approximately twice
the number of storage sites, wells, reservoirs, and the related infrastructure, personnel, and
cost.
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[1] Liquid carbon dioxide injected in deep-sea sediments
at km depths and near freezing temperatures is denser than
surrounding pore water and will be trapped by gravitational
forces. Storage capacity for CO2 in such formations below
the ocean floor is shown to vary with seafloor depth,
geothermal gradient, porosity, and pore water salinity. The
formation permeability, or the successful engineering of
such permeability through hydraulic fracturing, will
determine the capacity for gravitational trapping in deep-
sea geological formations. We conclude that most ocean
sediments at appropriate depth will lack the required
permeability and that conventional hydraulic fracturing
would only be possible in carefully selected sites.
Citation: Levine, J. S., J. M. Matter, D. Goldberg, A. Cook,
and K. S. Lackner (2007), Gravitational trapping of carbon
dioxide in deep sea sediments: Permeability, buoyancy, and
geomechanical analysis, Geophys. Res. Lett., 34, L24703,
doi:10.1029/2007GL031560.
1. Introduction
[2] The Intergovernmental Panel on Climate Change
(IPCC) reports that carbon capture and storage can signif-
icantly contribute to stabilizing greenhouse gas concentra-
tions in the atmosphere [IPCC, 2005]. Injection into
geological formations on land or under coastal seas is
promising but relies on the integrity of impermeable cap
rocks to prevent leakage of buoyant CO2 to the seafloor or
atmosphere. At the hydrostatic pressures and temperatures
typical of the ocean basins and immediately below the
sediment-water interface, liquid CO2 is denser than water
and will sink, thus becoming gravitationally trapped [Koide
et al., 1997]. The precise depth at which CO2 is neutrally
buoyant depends on the temperature and salinity of seawa-
ter but is typically at 2700 m water depth [see IPCC,
2005]. For injection of CO2 directly into the ocean, clathrate
layers will form at the interface between CO2 and seawater
that would impede, but not stop, its dissolution [IPCC,
2005]. For CO2 injected below the ocean floor, however,
marine sediments could provide a physical barrier limiting
fluid migration [Goldberg, 1999] and gravitational trapping
may prevent CO2 following pathways upward to the ocean
floor.
[3] The geothermal gradient in the subsurface causes a
second density reversal between liquid CO2 and water
[House et al., 2006]. Gravitational forces will drive CO2
from above and below toward this stable level of neutral
buoyancy within the sediment. Only by displacing CO2 out
of the sediments and above the upper density inversion
would it become unstable and create a rising plume. If the
CO2 were displaced out of the sediments but remained
below the upper density inversion a lake of CO2 would form
on the ocean floor.
[4] In this paper we evaluate the potential for sub-seabed
CO2 storage in marine sediments by estimating their in situ
permeability, k, and porosity, F, and computing the depth of
the neutral buoyancy level based on temperature and
salinity data from representative sites on the U.S. Atlantic,
Pacific, and Gulf coasts. We also analyze the geomechanical
stability of hydraulic fracturing in marine sediments to
determine if induced permeability could be used to increase
CO2 injection rates.
2. Neutral Buoyancy Level and Storage Capacity
[5] Liquid CO2 could be gravitationally trapped in ma-
rine sediments at water depths of >2700 m and several
hundred meters below the seafloor. Injected CO2 will slowly
migrate towards the neutral buoyancy level unless it is
bound by chemically reactive rocks, trapped by capillary
forces, or prevented from migrating by intrinsically low-
permeability formations or permeability reductions intro-
duced by clathrate formation. In sediments below 2700 m of
ocean, CO2 will accumulate on either side of the neutral
buoyancy level, with the depth of CO2 above the level
matching the depth below it. To remain below the seafloor
the CO2 accumulation cannot exceed twice the sub-bottom
depth of the neutral buoyancy level. If sufficient horizontal
permeability exists injected CO2 will migrate along sedi-
ment layers, increasing storage capacity. Higher porosities
of deep marine sediments [Spinelli et al., 2004] will also
increase storage capacity. The combination of in situ per-
meability, porosity, and depth of the neutral buoyancy level
will determine the theoretical capacity for gravitational
trapping of CO2 in deep marine sediments.
[6] The depth of the neutral buoyancy level within the
sediment depends on the salinity and temperature of the
sediment pore water, which are not uniform among ocean
basins. We analyze the effect of these parameters using data
from the Deep Sea Drilling Project (DSDP), Ocean Drilling
Program (ODP), and other marine drilling program sites
along the U.S. Atlantic, Pacific and Gulf coasts. Sites in the
Gulf of Mexico have salinities between 32 and 60 practical
salinity units (psu), often increasing with burial depth [e.g.,
Hippe et al., 2006], although salinities of 60 psu are
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unusual unless related to salt diapirs. Pore water salinities
along the Pacific and Atlantic coast are between 32 and 35
psu. Geothermal gradients along the Pacific Coast are about
0.1C/m [e.g., Van Hinte et al., 1987; Lyle et al., 1997],
compared to 0.03C/m along the Atlantic and Gulf coasts
[e.g., Mountain et al., 1994]. Increased salinity increases
water density and causes the neutral buoyancy level to
move towards the seafloor. In extreme cases it can reach
the seafloor, eliminating the possibility of gravitational
trapping in marine sediments. Steep geothermal gradients
will raise the neutral buoyancy level within the sediment but
cannot drive it to the seafloor.
[7] The density difference between CO2 and seawater can
be computed from their densities [Lemmon et al., 2005;
Fofonoff and Millard, 1983]. A polynomial fit approximat-
ing the density difference between water and CO2 is of the
form
rCO2  rH2O ¼ 6:9542 2:8308 T  T0ð Þ þ 2:5402 P  P0ð Þ
 0:75503 S  S0ð Þ  0:031177 P  P0ð Þ2
þ 0:038104 T  T0ð Þ P  P0ð Þ
þ 0:001448 T  T0ð Þ S  S0ð Þ
þ 0:00046729 P  P0ð Þ3
þ 0:00020083 T  T0ð Þ2 P  P0ð Þ
 0:00070787 P  P0ð Þ2 T  T0ð Þ ð1Þ
[8] T0 = 288 K, P0 = 40 MPa, S0 = 35 psu and rCO2 and
rH2O are the densities in kg/m
3 of CO2 andwater respectively.
Over the range T = 273–301K, P = 27–55MPa and S = 32–
60 psu, the error in the fit is the lesser of an absolute error of
0.2 kg/m3 and a relative error of 1% and is similar to the error
associated with empirical CO2 density data [Span and
Wagner, 1996]. Using equation (1), representative geother-
mal gradients and salinities are plotted (Figure 1). As shown,
highly saline sites in the Gulf of Mexico may have no sub-
sediment storage capacity. High geothermal gradients found
in the Pacific result in less sediment available for CO2
storage. Sites in the Atlantic have deeper levels of neutral
buoyancy and therefore a larger potential storage capacity.
3. Permeability
[9] Most ocean floor is composed of calcareous sedi-
ments and clays. Pelagic clays have extremely low perme-
abilities, typically in the nanodarcy range [Spinelli et al.,
2004]. We focus on calcareous sediments below the CO2/
seawater density inversion at 2700 m depth and above the
calcite compensation depth. Using geophysical data from
DSDP and ODP databases in the Atlantic, we selected three
sites from different sub-seabed environments and collected
cylindrical mini-core samples from different core sections
(Table 1).
Figure 1. Density difference between CO2 and water as
function of burial depth. Hydrostatic pressure at seafloor =
35 MPa (3500 m), temperature at seafloor = 275 K, S =
salinity, and rT = geothermal gradient. Densities are based
on salinities and temperature gradients from sites in the
Atlantic, Gulf of Mexico, and Pacific.
Table 1. Density, Porosity and Permeability Measurements on Selected Samples From the Atlantic


























35,000 1.881 1.416 0.47 2.65 27.2 3.7 fractured




35,000 2.148 1.847 0.30 2.64 9.7 3.7




35,000 2.098 1.728 0.37 2.74 3.57 3.7




35,000 2.000 1.610 0.39 2.64 0.024 3.7




35,000 1.990 1.624 0.37 2.56 0.045 3.7
150 0906 062 continental slope clayey chalk 50,000 1.949 1.531 0.42 2.63 0.005 5.9 visibly
deformed
150 0906 065 continental slope clayey chalk 50,000 1.989 1.610 0.38 2.59 0.007 5.9 visibly
deformed
166 1003 054 platform slope bioclastic wackestone 50,000 2.242 1.991 0.25 2.66 4.83 11.8
166 1003 063 platform slope foraminifer wackestone 50,000 2.374 2.195 0.18 2.67 10.3 11.8
166 1003 067 platform slope foraminifer wackestone 50,000 2.266 2.021 0.25 2.68 6.9 11.8
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[10] A total of ten samples were tested for brine perme-
ability at specific effective stress levels using an Autolab
1000 test system under controlled confining and pore
pressures. Boitnott [1997] describes the transient method
and equipment used to measure permeability, bulk density,
and porosity. Results are presented in Table 1. Permeabil-
ities range from k = 0.005 to 27.2 mD, while F ranges
between 0.18 and 0.47. One sample from DSDP Leg 11
(Site 105, Core 025) was visibly fractured and the fracture
did not fully heal during the testing, likely causing high k
and F measurements. The lowest values of k = 5–7 nD are
probably due to visible deformation that occurred during
testing of samples from Leg 150 (Site 906, Cores 062 and
065). Other nanodarcy permeability measurements from
DSDP Leg 11 (Site 105, Cores 033 and 038) are attributed
to high clay content in those samples.
[11] We also conducted a review of existing k and F data
from deep marine sediments. Figure 2 shows the relation-
ship of k and F for pelagic calcareous sediments, pelagic
clays, and several assorted deep marine sediment types.
Pelagic calcareous sediments from the New Jersey conti-
nental rise and slope (this study and Johns [1987]), Great
Meteor East and King’s Trough Flank [Schultheiss and
Gunn, 1985], and the Galapagos Spreading Center [Morin
and Silva, 1984] (Figure 2) are mostly high porosity
calcareous ooze from shallow burial depths. Permeabilities
range from 1 mD at very high porosities and very shallow
burial depth to 10 mD at lower porosities and deeper burial
depths. Carbonates from platforms and other geologic
origins are not included because they are not typically
present at depths >2700 m, but are known to have a wide
range of permeabilities [Roehl and Choquette, 1985], typ-
ically higher than those found in pelagic carbonates.
[12] Data from other deep sea sites are included for
comparison (see Figure 2). Turbidite sediments in the Bengal
Fan from 4700m depth have k as high as > 100 mD [Wetzel,
1990]. Deep turbiditic marls in the northeastern Atlantic have
moderate values of k = 1 mD at shallow burial depth
[Schultheiss and Gunn, 1985], while samples from the
Weddell Sea have highly variable values depending upon
their geological setting, mineralogy, and burial depth [Bryant
and Rack, 1990]. Pelagic clays from shallow burial depths
have low k of 1–100 mD, values that generally decrease at
greater depths [Morin and Silva, 1984; Schultheiss and Gunn,
1985].
[13] While pelagic sediments have high porosities, sedi-
ment permeabilities are usually insufficient to achieve
reasonable CO2 injection rates. Based on the experience
of the oil industry, sediment permeabilities in the low mD
range and below require hydraulic fracturing or other
permeability upgrading and many wells to achieve sufficient
injection rates.
4. Hydrofracturing
[14] Calcareous sediments consolidate with increasing
depth of burial as a result of mechanical and chemical
diagenesis, transitioning from ooze to chalk to limestone
[e.g., Borre and Fabricius Lind, 1998]. Sediment strength
therefore generally increases with depth below the seafloor.
Pelagic calcareous ooze deforms plastically if the water
content exceeds a critical value on the order of 42–57%
[Valent et al., 1982] corresponding to porosities typical of
the ooze-chalk transition. Layers that deform plastically are
mechanically unstable and therefore CO2 injection must
occur below the ooze-chalk transition.
[15] Figure 2 indicates pelagic carbonates have perme-
abilities of 10–100 mD at porosities below the plastic limit.
At such low permeability hydrofracturing will likely be
required to attain sufficient fluid injection volumes and
rates, but must not create high permeability conduits linking
the pressurized fluid at the injection well directly to the
seafloor surface. The lateral homogeneity and relative
thickness of pelagic calcareous sediments may allow large
hydraulic fractures to be induced and create permeable
pathways for CO2.
Figure 2. Compilation of permeability and porosity measurements for deep marine sediments.
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[16] Hydraulic fracturing induces a tensile failure in a
formation by locally increasing borehole pressure above the
ambient pore pressure until the effective stresses around
the borehole are exceeded [Hubbert and Willis, 1957]. The
pressure at which a hydraulic fracture occurs is termed the
breakdown pressure:
Pb  Ppore ¼ 3 s0h  s0I þ sT ð2Þ
s0 ¼ s  Ppore ð3Þ
where Pb is the breakdown pressure, Ppore is the pore
pressure, s0h is the smallest effective stress, here assumed to
be the minor horizontal effective stress, s0I is the
intermediate effective stress, and sT is the tensile strength.
Effective stresses are defined in equation (3). The horizontal
homogeneity of pelagic sediments implies that no horizontal






where v is Poisson’s ratio (e.g. calcite) and s0v is the
effective vertical stress. The intermediate stress, s0I, is
determined by the state of stress, with a lower bound set by
horizontal isotropy (s0I = s
0
h) and an upper bound set by







sT generally increases with consolidation with depth below
the seafloor, however the overall paucity of sT data for
marine sediments introduces a significant source of
uncertainty in this analysis. sT has been related to the
compressive strength of chalk using the Hoek-Brown
criterion [Hoek and Brown, 1997] and the strength
parameter for chalk given by Marinos and Hoek [2001]
which incorporates the known variability and uncertainty.
Compressive strength is empirically calculated as a function
of porosity (for F = 19–32%) in terrestrial chalks [Palchik
and Hatzor, 2004]. Porosity in pelagic calcareous sediments
decreases as a function of depth from 70% at the seafloor
to 25% at 1000m depth [Hamilton, 1976]. The higher
porosities common in pelagic chalk may also introduce
error in the compressive strength estimates.
[17] We present a geomechanical model and compute Pb
based on these parameters and equations in both horizon-
tally isotropic and anisotropic stress cases (Figure 3). The
shaded regions encompass variations in sT based on the
Hoek-Brown criterion. Figure 3 illustrates that the Pb for
both cases falls 2–15 MPa above in situ Ppore and depends
on the depth of fracture initiation and state of stress.
[18] Figure 3 also indicates that a fracture initiated at
depth would require a Pb greater than that required at any
overlying depth. Thus, a hydraulic fracture would encounter
only weaker, less-consolidated sediments above it and
would propagate upwards to the seafloor unless a shallower
layer exists that is less susceptible to fracturing. Mineral-
ogical variations within chalk may result in small increases
in sT but are not anticipated to be large enough to stop
upward fracture propagation. Moreover, it has been pro-
posed that buoyancy forces inside an isolated fracture could
create an instability in low permeability sediments [Nunn
and Meulbroek, 2002]. Such fractures continue to extend
upwards while closing at the bottom, propagating buoyantly
at rates that may exceed 100 m/year and would continue to
rise even after hydrofracturing operations have ended. More
detailed information on the in situ mechanical properties of
these sediments is needed to understand fracture propaga-
tion in this environment. If hydraulic fracturing is required
Figure 3. Variation in effective breakdown pressure (Pb  Ppore) as a function of burial depth in calcareous sediments. Pb
depends on stress conditions and sediment tensile strength and indicates that fractures initiated at depth can readily
propagate to the seafloor (see text).
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for viable CO2 injection rates in pelagic sediments a
considerable risk exists that injected fluids will reach the
seafloor and escape into the ocean in the absence of a high
strength seal.
5. Summary and Conclusions
[19] Our analysis suggests that finding good sites for
gravitationally trapped CO2 disposal in deep sea sediments
requires careful exploration for suitable locations. Opportu-
nities for gravitational trapping in deep-sea sediments are
extremely limited in regions of high geothermal gradients or
high salinity in sediment pore space. In such locations other
physical trapping mechanisms would likely be required.
Deep sea sediments with sufficient permeability for injec-
tion are atypical. Permeabilities in pelagic clays at necessary
burial depths are far too low and most siliciclastic sediments
that have higher permeabilities occur at water depths too
shallow for gravitational trapping of CO2. Pelagic calcare-
ous sediments such as chalks have permeabilities below
typical oil reservoirs, but have relatively high porosities and
occur over vast areas of the deep ocean. These could be
potential candidate sites for gravitational trapping if hydrau-
lic fracturing can be achieved without fracture propagation
to the seafloor. Using conventional hydraulic fracturing with
water injection, the propagation of fractures toward the
seafloor remains a considerable risk. High permeability
and substantial depths within submarine fans and in sub-
sediment permeable basalts may offer alternative environ-
ments for effective CO2 sequestration [Goldberg, 1999]
which could also be enhanced by gravitational trapping.
[20] Acknowledgment. This work was supported by the U.S. De-
partment of Energy/NETL award DE-FG26-04NT42123.
References
Boitnott, G. N. (1997), Use of complex pore pressure transients to measure
permeability of rocks, in Formation Evaluation and Reservoir Geology,
Part 2, edited by V. Omega, pp. 37–45, Soc. of Pet. Eng., Richardson,
Tex.
Borre, M., and I. L. Fabricius Lind (1998), Chemical and mechanical
processes during burial diagenesis of chalk: An interpretation based on
specific surface data of deep-sea sediments, Sedimentology, 45, 755–769.
Bryant, W. R., and F. R. Rack (1990), Consolidation characteristics of
Weddell Sea sediments: Results of ODP Leg 113, Proc. Ocean Drill.
Program Sci. Results, 113, 211–223.
Fofonoff, N. P., and R. C. Millard Jr. (1983), Algorithms for Computation
of Fundamental Properties of Seawater, UNESCO Tech. Pap. Mar. Sci.,
vol. 44, U. N. Educ. Sci. and Cult. Org., Paris.
Goldberg, D. (1999), CO2 sequestration beneath the seafloor: Evaluating
the in situ properties of natural hydrate-bearing sediments and oceanic
basalt crust, in Proceedings of the Third International Conference on
Materials Engineering for Resources, vol. 7(1), pp. 11–16, Soc. of Mater.
Eng. for Resour.s of Jpn., Akita.
Hamilton, E. L. (1976), Variations of density and porosity with depth in
deep-sea sediments, J. Sediment. Res., 46, 280–300.
Hippe, F. W., G. D. Humphrey, and K. M. Tjok (2006), Geotechnical
investigation, Chevron GOM gas hydrates JIP: Results of core sample
analysis standard and advanced laboratory testing, Rep. 0201–5081,
Natl. Energy Technol. Lab., Pittsburgh, Pa.
Hoek, E., and E. T. Brown (1997), Practical estimates or rock mass
strength, Int. J. Rock Mech. Min. Sci., 34, 1165–1186.
House, K. Z., D. P. Schrag, C. F. Harvey, and K. S. Lackner (2006),
Permanent carbon dioxide storage in deep-sea sediments, Proc. Natl.
Acad. Sciences of U. S. A., 103, 12,291–12,295.
Hubbert, M. K., and D. G. Willis (1957), Mechanics of hydraulic fracturing,
J. Pet. Technol., 9, 153–168.
Intergovernmental Panel on Climate Change (IPCC) (2005), IPCC Special
Report on Carbon Dioxide Capture and Storage, edited by B. Metz et al.,
442 pp., Cambridge Univ. Press, Cambridge, U. K.
Johns, M. W. (1987), Consolidation and Permeability Characteristics of
Sediments From Deep Sea Drilling Project Leg 93, sites 603 and 604,
Initial Rep. Deep Sea Drill. Proj., 93, 417–424.
Koide, H., Y. Shindo, Y. Tazaki, M. Iijima, K. Ito, N. Kimura, and
K. Omata (1997), Deep sub-seabed disposal of CO2: The most protec-
tive storage, Energy Convers. Manage., 38, S253–S258, suppl.
Lemmon, E. W., M. O. McLinden, and D. G. Friend (2005), Thermo-
physical properties of fluid systems, in NIST Chemistry WebBook, NIST
Stand. Ref. Database, vol. 69, edited by P. J. Linstrom and W. G.
Mallard, Natl. Inst. of Stand. and Technol., Gaithersburg, Md.
Lyle, M., et al. (1997), Proceedings of the Ocean Drilling Program, Initial
Reports, vol. 167, Ocean Drill. Program, College Station, Tex.
Marinos, P., and E. Hoek (2001), Estimating the geotechnical properties of
heterogenous rock masses such as flysch, Bull. Eng. Geol. Environ., 60,
85–92.
Morin, R., and A. J. Silva (1984), The effects of high pressure and high
temperature on some physical properties of ocean sediments, J. Geophys.
Res., 89, 511–526.
Mountain, G. S., et al. (1994), Proceedings of the Ocean Drilling Program,
Initial Reports, vol. 150, Ocean Drill. Program, College Station, Tex.
Nunn, J. A., and P. Meulbroek (2002), Kilometer-scale upward migration of
hydrocarbons in geopressured sediments by buoyancy-driven propaga-
tion of methane-filled fractures, AAPG Bull., 86, 907–918.
Palchik, V., and Y. H. Hatzor (2004), The influence of porosity on tensile
and compressive strength of porous chalks, Rock Mech. Rock Eng., 37,
331–341.
Roehl, P. O., and P. W. Choquette (Eds.) (1985), Carbonate Petroleum
Reservoirs, Springer, Berlin.
Schultheiss, P. J., and D. E. Gunn (1985), The permeability and consolida-
tion of deep-sea sediments, Rep. 201, Inst. of Oceanogr. Sci., Wormley,
U. K.
Span, R., and W. Wagner (1996), A new equation of state for carbon
dioxide covering the fluid region from the triple-point temperature to
1100K at pressures up to 800 MPa, J. Phys. Chem. Data, 25, 1509–1596.
Spinelli, G. A., E. R. Giambalvo, and A. T. Fisher (2004), Sediment perme-
ability, distribution, and influence on fluxes in oceanic basement, in
Hydrogeology of the Oceanic Lithosphere, pp. 151–188, Cambridge
Univ. Press, Cambridge, U. K.
Valent, P. J., A. G. Altschaeffl, and H. J. Lee (1982), Geotechnical
properties of two calcareous oozes, in Geotechnical Properties, Beha-
vior, and Performance of Calcareous Soils, edited by K. R. Demars
and R. C. Chaney, pp. 79–95, Am. Soc. of Test. and Mater., West
Conshohocken, Pa.
Van Hinte, J. E., et al. (1987), Initial Reports, Deep Sea Drilling Program,
vol. 93, Ocean Drill. Program, College Station, Tex.
Wetzel, A. (1990), Consolidation characteristics and permeability of Bengal
Fan sediments drilled during Leg 116, Proc. Ocean Drill. Program Sci.
Results, 116, 363–368.

A. Cook, D. Goldberg, and J. M. Matter, Lamont-Doherty Earth
Observatory, Earth Institute at Columbia University, 61 Route 9W, P.O.
Box 1000, Palisades, NY 10964-8000, USA.
K. S. Lackner and J. S. Levine, Department of Earth and Environmental
Engineering, Columbia University, 500 West 120th Street, #918, New York,
NY 10027, USA. (jsl183@columbia.edu)
L24703 LEVINE ET AL.: GRAVITATIONAL TRAPPING OF CARBON DIOXIDE L24703
5 of 5
APPENDIX A. PUBLICATIONS 83
APPENDIX A. PUBLICATIONS 84
A.2 Gravitational trapping of carbon dioxide in deep ocean
sediments: hydraulic fracturing and mechanical stability
Levine, J. S., J. M. Matter, D. Goldberg, and K. S. Lackner, “Gravitational trapping of
carbon dioxide in deep ocean sediments: hydraulic fracturing and mechanical stability,” in
the Proceedings of the 9th International Conference on Greenhouse Gas Control Technolo-
gies (GHGT 9), Washington D.C., November 16-20, 2008, in Energy Procedia, Volume 1,
Issue 1, February 2009, Pages 3647-3654,doi:10.1016/j.egypro.2009.02.16.
Available online at www.sciencedirect.com
   
 








Gravitational trapping of carbon dioxide in deep ocean sediments: 
hydraulic fracturing and mechanical stability 
Jonathan S Levine a*, Juerg M Matterb, Dave Goldbergb, Klaus S Lacknera 
a Department of Earth and Environmental Engineering, Columbia University, 500 West 120th St #918, NY, NY 10027 
bLamont Doherty Earth Observatory, Columbia University, 61 Route 9W, Palisades NY, 10964 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Gravitational trapping of carbon dioxide in deep ocean sediments is attractive both for the long term stability provided by gravity 
as well as the large volume and hence storage capacity of deep ocean sediments at necessary depths. Unfortunately, most pelagic 
sediments suffer from extremely low permeability and are not expected to have an overlying mechanical seal, making 
emplacement of CO2 contingent upon large scale hydraulic fracturing and some mechanism of arresting fracture growth before 
reaching the seafloor. An experimental design is presented with the capability of testing a variety of proposed fracture arrest 
mechanisms. 
© 2008 Elsevier Ltd. All rights reserved 
Keywords: Carbon dioxide sequestration; permeability; hydraulic fracturing; mechanical stability; reservoir engineering. 
1. Introduction 
At the large hydrostatic pressures and low temperatures (~2ºC) of the deep ocean (>2.7km) liquid CO2 is denser 
than water and is gravitationally trapped [1]. Injection in deep ocean sediments has been proposed as a means of 
isolating the CO2 from dissolving into the ocean while achieving gravitational stability at a neutral buoyancy level 
within the sediments [2]. The depth of the neutral buoyancy level is a function of hydrostatic pressure, geothermal 
temperature and pore water salinity and together with porosity sets the storage capacity available for gravitationally 
stable sequestration [3]. The storage capacity of ocean sediments is potentially large, many times current annual CO2 
emissions [4]. The large scale of gravitational sequestration in deep ocean sediments and their proximity to densely 
populated coastal areas near the edge of the continental shelf make this an attractive possibility for CO2 
sequestration. However, Levine et al. [3] presented data showing that the dominant pelagic calcareous and clay 
lithologies at the necessary seafloor depths have very low permeabilities, on the order of µDs and nDs, challenging 
the practicality of significant CO2 injection into these formations. Hydraulic fracturing has allowed industry to 
economically produce gas from shales with similar permeabilities [5], suggesting that massive hydraulic fracturing 
may enable CO2 sequestration at such low permeabilities. However, in the deep ocean, the absence of a mechanical 
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seal at the seafloor presents a risk that hydraulic fractures will propagate to the open ocean [3]. Furthermore, without 
a mechanical seal any vertical accumulation of liquid CO2 at depth may buoyantly push up through the denser 
overlying weak sediments and propel itself to the seafloor [3]. These fracturing-induced mechanical instabilities 
must be overcome to be able to take advantage of the potential benefits of gravitational sequestration in deep ocean 
sediments. Experiments have been designed and conducted using sediment and liquid CO2 proxies to test possible 
instabilities and solutions. 
2. Hydraulic fracturing and mechanical instability 
Levine et al. [3] showed that pelagic calcareous sediments do not generally have an overlying stress or strength 
barrier or a physical caprock trapping CO2 injected below. In the deep ocean, sediments are horizontally isotropic 
and primarily stressed from overburden weight alone; horizontal stresses originate from a zero strain condition [3]. 
Because vertical stress is greater than horizontal stress in this environment, fractures will open in the minimum 
stress direction (horizontally) and be oriented vertically. A fracture will grow upward if its pressure is greater than 
the minimum horizontal in-situ stress. Neglecting tensile strength in these sediments [6, 7], the minimum stress also 
provides the limit to reservoir pressure at which fracturing the reservoir can be safely avoided [8]. Although the 
higher density of liquid CO2 at these depths will tend to counteract vertical fracture growth, the density difference is 
very small (<1% of total density) and thus injection pressures exceeding 1% of CO2 hydrostatic head will quickly 
overcome this density imbalance. Thus in order to safely fracture deep ocean sediments a mechanism must be 
identified to stop the vertical propagation of fractures to the seafloor. 
 
Pelagic clays with nD permeability sediments will have Darcy flow rates that are almost negligible. Injection of 
CO2 into clays would therefore depend on creating or extending liquid CO2 fractures at a rate comparable to Darcy 
flow, similar to dike or sill injection. Liquid CO2 at the high pressures needed for transport from a capture source 
has a density similar to water [1]. Thus, the hydrostatic head within an injection pipe will transmit high CO2 
pressures at the surface to the injection pipe outlet, and the further compression of liquid CO2 for hydraulic 
fracturing would require little additional energy and infrastructure [15]. In the absence of a stress or strength barrier, 
these fractures would also have to overcome hydraulic instabilities, and also avoid propagation to the seafloor.  
 
In addition, buoyant fracture propagation has been proposed as a cause of hydrocarbon [9], methane [10], 
metamorphic water [ex: 11] and magma [ex: 12] migration through porous media. This adds another concern that 
since both gravitationally stable CO2 and sediment pore water are less dense than the bulk sediments, vertical 
accumulations of these fluids in fractures may propagate through the weak sediments to the seafloor [9, 10]. The 
same problem has been described for an open hydraulic fracture in an oil reservoir: if the fracturing fluid density 
gradient is less than the minimum horizontal in-situ stress gradient, the fluid will likely propagate upwards [13, 14]. 
Buoyant fractures containing low-density liquids can not rise through weak ocean sediments for this reservoir to be 
a viable sequestration option. 
3. Experimental Design 
To study different fracturing and arresting mechanisms in the laboratory, we created a simple physical model 
capable as a proxy to test different potential instabilities. Gelatin has been used previously in both artificially 
induced fractures for oil drilled cuttings disposal as well as natural fractures [16]. Studies of the effect of state of 
stress on fracture orientation also used gelatin for the sediment or rock and plaster-of-Paris slurry as the fracturing 
fluid [7]. Takada [12] used gelatin to study propagation and propagation rates of buoyant hydraulic fractures. To 
study different failure modes, we used a rectangular acrylic container with 0.3 m (12”) depth and width and height 
of 0.76m (30”). This container was filled to about 0.5m with gelatin prepared by mixing 2% weight Type A gelatin 
(Great Lakes Gelatin, Grayslake IL) and water at a temperature of 60-70°C and then left in a refrigerator to solidify 
overnight. Various gelatin concentrations were tested ranging from the 1.25% used in [12] to the 12% used in [7]. 
The lowest values proved to be particularly weak: small perturbations caused separation of the gelatin from the 
injection pipe. Higher concentrations introduced greater strengths but created gelatin dispersal problems while 
gaining no particular advantage. A 0.15cm (1/16”) inner diameter, 0.3cm (1/8”) outer diameter horizontal pipe 
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positioned at 7.6cm (3”) height above the bottom of the rectangular box passing through the box (Fig 1a) was used 
to inject fluid from a cut at its mid-point (Fig 1b). A metal rod was then inserted for gelatin formation, and upon 
removal provided a continuous path for the injected fluid to displace all the air in the tube before the start of 
fracturing. Fracturing in the gelatin was initiated once all the air was displaced from the pipe and reproduced vertical 
buoyant migration of fractures [12]. Dyes (food coloring, oil red) were mixed into all injection fluids to enable 
easier visualization and recording with standard photographic equipment. 
Figure 1: Gelatin model: 1a: Wide view showing the gelatin filled box with horizontal well filled with dyed fracturing fluid having displaced all 
air in the injection pipe; 1b: Close up showing plastic tubing with cut at mid-point for injection. Dyed fluid is stable within surrounding gelatin. 
4. Results 
 We were able to produce vertical fracture propagation and buoyant fractures using vegetable oil (Fig 2a, b, c), 
mineral oil, and linseed oil (Fig 2d), a stationary fracture with water, and a sinking fracture using glycerin. Ethanol 
produced an unusual interaction with the gelatin at the well outlet after initial rise, followed by fractures at steeply 
dipping angles downwards despite its low specific density (0.79 g/cc) (Fig 2e,f). To test tensile strength, 
experiments were run with a fracture created by connecting the injection well to tubing taped along the side of the 
acrylic box with the liquid level slightly higher than the gelatin level. Fracturing could be stopped and started and 
the fracture emptied or filled by changing the height of the tubing containing the fracturing fluid. Fracturing was 
found to commence at about 3cm above the gelatin in 1.6mm (1/16”) inner diameter plastic tubing and about 1.5cm 
above the gelatin in 6.4mm (1/4”) inner diameter plastic tubing with water as the fracturing fluid. When heights are 
corrected for the capillary effect of the tubing, the hydraulic fracturing tensile strength is found to correspond to a 
hydraulic head of about 1cm, consistent with the ~102 Pa tensile strength reported from a bending test [12]. Fracture 
filling with the same capillary corrections was nearly identical to the gelatin height, confirming previous results that 
gelatin is hydrostatically stressed and isotropic [12]. 
a b c 
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Figure 2: Fracturing in gelatin: 2a,b, c, previous page left to right: A vegetable oil fracture rising under its own buoyancy; 2d-g counter clockwise 
from top left: 2d: A linseed oil fracture propagating toward the surface; 2e,f: The result of injecting ethanol into gelatin: initial rise, followed 
immediately by dissolution that disturbs gelatin locally, concluding with fracture propagation at a steeply dipping downward angle that becomes 
horizontal at the boundary [HW]; 2g: An early time picture of an un-dyed tetrahydrofuran fracture in gelatin exhibiting the same behavior. 
5. Hydrate experiments 
CO2 clathrate hydrates will form at the colder temperature in the sediments closest to the seafloor, and might 
prevent either fracturing or buoyant fracture rise to the seafloor by forming a mechanical seal, a permeability seal, 
trapping CO2 in hydrate phase, or some complex combination of these effects. To test the effects on fracture growth 
and rise from hydrate formation at ambient pressure and temperatures above the freezing point of water, we used 
tetrahydrofuran (THF) as a hydrate former. Lee et al. [17] concluded that THF is a reasonable mechanical proxy for 
the process of hydrate formation at the pore scale. THF is highly reactive and will dissolve acrylic or plastic tubing. 
All lines were therefore made of metal or nylon, and peristaltic pump tubing with a Teflon inner liner (Tygon SE-
200, Cole Parmer, USA) was used. Unfortunately THF injection into gelatin (Fig. 2g above) produced the same 
effect as ethanol injection, with the THF forming fractures that oriented themselves at a steeply dipping angle 
downwards despite its specific density of 0.88 g/cc. We conclude that because both ethanol and THF are strong 
solvents, they are likely dissolving the gelatin. Ethylene oxide will also form hydrate at ambient pressure and 
temperatures above the freezing point of water, but is an even stronger solvent and more difficult to work with.  
 
As an alternative, a chemically stable transparent media may be used to visualize fracturing and hydrate 
formation. Silica beads [18] provide no cohesion and are highly permeable and so cannot reproduce the appropriate 
fracturing mechanism. Oil-based silica gels [19] contain no water and cannot be used to test hydrate formation. 
Glass microbubbles in water are viscous and impermeable. Thus we propose using laponite (Southern Clay 
Products, Gonzales TX), a transparent synthetic hectorite clay previously used in bubble rise experiments [20]. 
d g 
e f 
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Although a synthetic clay, which introduces hydrophilic surface effects, it has stability like clay and will provide a 
transparent media for these studies. 
6. Discussion  
With the proposed experimental design, and ability to reproduce hydraulic fracturing and buoyant fracture rise 
and fall, we are ready to test different reservoir engineering solutions for arresting vertical fracture growth and 
buoyant fracture rise as well as the effects of hydrate formation.  By using transparent gelatin, laponite, and dyed 
fluids we will be able to see processes such as hydrate formation and buoyant fracture rise as they occur.  
6.1. Reservoir engineering solutions 
6.1.1. Stress alteration 
The relative homogeneity of pelagic sediments makes large discontinuities or changes in stiffness unlikely. 
Gudmundsson and Brenner [21] suggest that discontinuities, changes in stiffness between layers, and stress barriers 
may each contribute to fracture arrest. While natural stress barriers are not expected in ocean sediments, Warpinski 
and Branagan [22] show that stress alteration due to hydraulic fracturing changes the direction of minimum in-situ 
stress and can cause a subsequent fracture to open in a different direction. Hydraulic fracturing may therefore be 
used to create stress barriers or to change fracture orientations - two possibilities that can be tested using the gelatin 
model. An artificial stress barrier might be created by a hydraulic fracture in an upper layer to prevent a fracture in a 
lower layer from extending upwards [22]. Fracture orientation in this case changes by altering the stress field in both 
horizontal directions, making the minimum in-situ stress vertical, and thus the induced fracture propagates 
horizontally. In one gelatin experiment, we placed a 15cm (6”) layer of sand on top, creating a stress barrier that 
arrested a buoyant vegetable oil fracture (Figure 3a) and prevented vertical fracture propagation from the injection 
well (Figure 3b). Instead, the induced fracture propagated laterally (Figures 3c, 3d). When the overburden weight of 
the sand was preferentially loaded on top of the gelatin, causing it to compress against the bounding wall,  the 
induced fracture could not push through the overlying compressed layer and connect with the higher permeability 
sand above (Figure 3e, f). 
a b c d 
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Figure 3: Stress barrier arresting fracture growth: Figure 3a-d top left to right: The weight of the sand creates a stress barrier in the uppermost 
layer of gelatin causing (3a) a buoyant vegetable fracture to stop rising, (3b) preventing pressurized vertical propagation, (3c,d) and lateral 
fracture propagation; 3e,f bottom left and right: The fracture cannot push through the gelatin immediately below the sand and does not meet the 
sand layer above. 
6.1.2. Buoyant diverters and proppant 
Another reservoir engineering technique for injecting into a formation without a stress barrier is to inject a 
buoyant material that rises to the top of the fracture and causes a local reduction in permeability [23]. This causes a 
large pressure drop at the fracture tip that diverts the fracture from growing upwards [23]. By lowering the pressure 
at the upper fracture tip but not at the other fracture tips, the fracture can still expand laterally, or downward, but has 
insufficient pressure at the top of the fracture to continue propagating upwards. Relying on a buoyant diverter for 
vertical fracture stabilization requires that any lateral extension of a fracture must be accompanied by successful 
diverter placement at the top of the fracture to avoid the fracture “mushrooming” beyond the barrier [24]. Using a 
buoyant diverter is a dynamic method of preventing fracture extension upwards. It works because the flowing 
fracture fluid loses pressure while pushing through the impermeable diverter. Hydraulic fractures kept open by 
injection pressure buoyantly rise if the minimum effective stress gradient is greater than the hydrostatic pressure 
gradient within the fracture [13, 14]. A buoyant diverter may therefore stem fracture runaway to the seafloor, but 
would not affect buoyant fractures which rise from static differences in pressure gradients. Secor and Pollard [13] 
presented a theoretical model of open fracture buoyant instability and concluded that proppant (i.e. sand) could be 
used to prevent buoyant propagation by “reducing the operating pressure” (i.e., lose pressure and close around a 
proppant). Upon fracture closure, contained fluids and proppant can no longer contribute to buoyant fracturing, and 
therefore, injecting proppant into fractures may prevent buoyant fracture rise. Injecting a buoyant diverter or sand 
proppant into an unstable fracture in gelatin would test this arrest mechanism. 
6.2. Hydrates  
Hydrate can cause permeability reductions [25] and increase sediment strength at high saturations [26], but may 
be limited by transport limitations in low permeability porous sediments. Hydrate formation kinetics are very fast 
[27] and are expected to overwhelm the finite times of fracture propagation and certainly would be much faster than 
buoyant fracture rise [10]. However, hydrates can only form in the presence of sufficient water and CO2, and so may 
be transport limited in low permeability sediments. Given the relative miscibilities of water and CO2, for hydrate to 
remain stable it is most likely to be at the interface between water and liquid CO2 where it will act as a self-limiting 
transport barrier, with hydrate growth controlled by slow diffusion across the solid hydrate itself [27]. For a CO2 
e f 
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fracture, hydrate is expected to form as a skin at the fracture boundary, reducing permeability, and preventing any 
further flow across the fracture border, similar to proposed behavior of natural gas hydrates and fractures [28]. This 
would suggest that CO2 being actively fed into a vertically propagating, actively growing fracture will not have 
sufficient water for hydrate formation to stop the fracture, but slow rising buoyant fractures may have sufficient 
hydrate formation to deprive the fracture of the fluid height and pressure necessary for buoyant rise. 
7. Conclusion 
The low permeabilities of pelagic sediments will require large injection areas that can be achieved by either 
extremely long horizontal wells, hydraulic fracturing or both. To safely fracture deep ocean sediments without a 
mechanical stress or strength barrier a fracture arrest mechanism must be identified to stop both dynamic fracture 
growth and buoyant fracture rise towards the seafloor. Experiments with sediment and injection fluid proxies allow 
different fracture arrest mechanisms to be tested. These include artificial stress barriers or change fracture 
orientation, adding reservoir engineering additives such as an impermeable buoyant diverter or proppant, relying on 
CO2 hydrate formation, as well as combinations of these different methods. By identifying a solution or combination 
of solutions a reservoir engineering simulation may be developed to incorporate fracture dynamics and potential 
arrest mechanisms. The results of such a simulation would allow evaluation of the flow rates and storage capacity of 
a gravitational sequestration site in deep ocean sediments. Successful reservoir engineering in deep ocean sediments 
would enable gravitational sequestration over potentially large regions of the ocean floor [3] and within close 
proximity to industrial CO2 sources. 
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Abstract 
Industrial scale injection of anthropogenic carbon dioxide into the crustal lithosphere has been 
proposed to reduce atmospheric accumulation. Much of this injection is expected to occur in saline 
reservoirs. An understanding of two-phase brine-CO2 flow is necessary for predicting storage 
capacity, fluid migration, and injectivity in geologic reservoirs. Additionally, the chemical 
reactivity of the rock matrix with CO2(l) affects the transport properties of the rock. A flow system 
for measuring two-phase transport of CO2 and brine is presented in this paper. The system is 
capable of displacing brine with either liquid or supercritical CO2. Special effort was taken to 
circumvent capillary end-effects in these experiments. Drainage end point
 
relative permeability of 
CO2 displacing brine is found to be in the range of 0.34-0.44, much lower than what is expected for 
a nonwetting fluid. Such low relative permeabilities would tend to decrease injectivity while 
increasing displacement efficiency. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: CO2, relative permeability, experiments 
 
1. Introduction 
Anthropogenic carbon dioxide emission to the atmosphere is thought to be the primary source of global warming and 
ocean acidification [1].  Geologic carbon sequestration, the injection of CO2 emissions into porous rock formations, has 
been proposed as a possible solution [2]. In addition to suitable proximity, three important criteria are prerequisite for a 
site: containment, capacity, and injectivity. Injectivity is limited by the geomechanical constraints, and the 
permeability-thickness product of the reservoir. To determine both pressure rise and fluid migration requires multi-
phase reservoir-scale modeling. Currently, the models and simulation relating to CO2 displacement assume in large part 
that the process is similar to gas displacement of water. Given the practical implications of injectivity, laboratory scale 
experiments are necessary to confirm or alter what has been the conventional practice although clearly they do not 
consider the complicating factors seen at the field scale. 
We present a set of relative permeability experiments for CO2 displacing water in both natural and artificial cores. 
The experiment is designed in such a way as to obtain only the relative permeability of CO2 displacing water at residual 
water saturation – the so called “drainage” relative permeability. Although the entire curve may be defined, we have at 
this juncture focused on quantifying the end-point mobility of CO2 at residual water. While this state only corresponds 
to conditions sufficiently behind the saturation transition zone, it has enormous implication with regard to the shape of 
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2. Multiphase Flow in Porous Media 
Under conditions of minimal reactivity with the rock matrix, the extended form of Darcy’s law and local capillary 


















pc(Sw ) = pn − pw
     (3) 
 
with the velocity of the two phases w and n being denoted by v with the appropriate subscripts, the permeability being 
k, the relative permeabilities shown with a subscript  r along with the phase, the viscosity being denoted by µ along with 
the appropriate subscript, and pressure of the phase i  being pi. The pressure difference between n and w is the capillary 
pressure, which depends on the saturation. For closure, a continuity equation is needed, so that the saturation and the 
pressures can be obtained for specific initial and boundary condition (see, e.g., [3]).  
Owing to occupancy criteria under conditions of local capillary equilibrium, it is well known that the relative 
permeability to the nonwetting phase approaches unity when residual wetting phase saturation is approached [4, 5]. For 
the present systems, it is commonly thought that under supercritical conditions, water would wet the solid in relation to 
the less-dense state of CO2. Data reported in the literature point otherwise [6, 7]. 
In a displacement experiment in which the nonwetting phase displaces the wetting phase, the saturation profile 
transitions from close to residual wetting phase at the inlet to a sharp capillary transition zone, and then to the connate 
wetting phase saturation. Additionally, at the outlet of the core, the wetting fluid is retained, and the saturation 
corresponds to a zero capillary pressure (see [8, 9]). This end-effect plays a significant role in the interpretation of the 
displacement data and the additional resistance to flow of the nonwetting fluid must be removed in the calculations. The 
end-effect persists even the displaced fluid is not strongly wetting, except that the outlet may not be fully saturated with 
this fluid. 
The purpose of the experiments here were two-fold. Firstly, it was to develop a system that could operate under a 
range of temperatures and pressures relevant to sequestration. Secondly, it was also necessary to verify whether the 
end-point relative permeabilities for CO2 across a range of natural and synthetic rocks remain low as has been reported 
elsewhere, even after the end-effect is removed. 
 
3. Materials and Methods 
We designed and built a high pressure core flooding reactor at Schlumberger-Doll Research in Cambridge, MA for 
the purpose of measuring multiphase flow properties. The experimental design is shown in Figure 1. This design pushes 
liquid or supercritical CO2 (0 °C–90 ºC, up to 100 bar) through a brine-saturated core sample at a series of constant 
flow rates while the pressure drop across the core is monitored. These are done at a fixed outlet pressure, and is 
monitored and controlled. The same is true of the radial confining stress. A brief description of sample preparations and 
experimental runs are presented below.  The details of the apparatus are contained in [10]. 
 
Sample preparation and apparatus 
Natural and synthetic cores were used under a variety of conditions using the flow system.  Natural cores included 
Berea sandstone, chosen for its relative homogeneity, and prior experimental data availability, synthetic P3C alumina 
ceramic (CoorsTek™), which has little sample variability and immeasurable sample reactivity to carbonated water.  
Helium intrusion porosity measurements were made on 3.8 cm (1.5”) diameter, 3.8 cm (1.5”) long cores adjacent to the 
experiment’s cores that were 10 cm (4”) in length and 3.8 cm (1.5”) in diameter. Later experiments were conducted 
with 20 cm (8”) length P3C cores to further reduce end-effects. All cores were vacuum dried overnight at 70 °C prior to 
each experiment.   
During each experiment cores were placed in a high-pressure (up to a flowing pressure of ≈100 bars/1,500 psi) core 
holder held vertically in a stand that allowed hydraulic and electrical connections.  Cores were sealed in a rubber sleeve 
made of either Viton fitted with a pair of impedance terminals or Buna-N with a jacketing pressure of 135 bars 
(≈2,000 psi). Radial pressure was applied with an electrically nonconductive fluorinert FC-40 by a syringe pump in 
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constant pressure mode.  A precision impedance analyzer was used to monitor impedance and phase angle. The core 
holder and pressure transducers were contained in a temperature-controlled chamber with a rated accuracy of 0.3 °C. 
All tubing and fittings were Swagelok stainless steel 316L and were leak tested to < 10 nL/s with a He leak detector.  
Prior to each experiment, an oil-free vacuum pump was used to evacuate air from the system for 12-24 hours.  
 
Figure 1: Schematic of the experimental apparatus 
 
Fluid injection and measurement 
Samples were initially flooded with an aqueous solution containing 50,000 mg/kg NaCl (ACS Grade) and 50 mg/kg 
LiCl (ACS Grade) tracer to be used to test for salt precipitation. Later experiments with P3C alumina cores used 
deionized (DI) water of 18.2 MΩ cm, and confirmed that salt precipitation did not significantly affect permeability 
measurements. Aqueous solution was loaded from a deaerator directly into an evacuated syringe pump under vacuum. 
For reference, brine was also sampled via a bypass line immediately before the core flood.  All geochemical 
measurements were made relative to this reference. CO2 was dispensed at a constant flow rate from a paired set of 
temperature controlled syringe pumps with an air valve package to minimize pressure transients at pump switchover. 
Liquid CO2 was siphoned directly from a CO2 cylinder (99.8% bone dry). In all cases cores were held vertically. For 
quality check, initial experiments injected CO2 into the core from below to align buoyancy and viscous instabilities; 
later experiments injected CO2 from above to create a buoyancy-stabilized plume front. System pressure was controlled 
by two back pressure regulators in series with the first electronically controlled and the second manually set to 
approximately 5–10 bars less than the experimental pressure, with the first regulator fully opened. Effluent was sent to a 
sampling system consisting of 20 high-pressure 40 mL sampling containers (stainless steel 304L coated with a 0.001” 
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Pressure measurements and instrument calibration  
Low-pressure measurements of fluids in the experimental system were made with 10 bar pressure transducers (0.1% 
full scale accuracy). High-pressure measurements were made with 200 bar pressure transducers (0.2% full scale 
accuracy).  Transducers were connected via seven wire cables to an excitation-measurement processing system with 18-
bit accuracy. The seven wire system enabled us to ensure that the excitation voltage did not suffer from line losses.  The 
amplified digital output was passed through a 1.25 Hz Bessel filter. Pressure measurements were collected in chunks of 
128 data points, collected almost instantaneously and averaged.  Low-pressure transducers were simultaneously 
calibrated relative to a portable calibrator with 0.025% accuracy. High-pressure transducers were simultaneously 
calibrated with a primary standard dead weight tester (5 ppm mass accuracy). The pressure offset between transducers 
located before and after the core was corrected in each experiment by a linear fit between at least a pair of offset 
measurements. All equipments were monitored by a data acquisition system capable of automatically gathering, 
processing, and analyzing the data in real time. 
 
Permeability measurements 
Brine permeability was measured at atmospheric pressure as well as at experimental fluid pressure (100 bar). 
Permeability measurements were made by flowing brine with increasing and then decreasing flow rates in evenly 
spaced increments, (e.g. 0–3 mL/min in 0.5 mL/min increments) while limiting the highest flow rate to maintain a 
Reynolds number below 0.5 to ensure laminar flow [11]. At least three independent measurements of permeability were 
made and their average reported for each experiment.  Effective radial stress was controlled to be 35 bars in both low- 
and high- pressure measurements. In several instances post-experiment cores were vacuum oven dried overnight, 
reloaded, evacuated of air overnight, and then, liquid CO2 was used to saturate the core sample.  High pressure (100 bar) 
liquid CO2 permeability was measured, and in all cases, the brine permeability agreed with that of CO2. 
 
CO2 flood experiments 
At the beginning of each experiment, air was evacuated from the core overnight. The core was then saturated with 
brine and brine permeability obtained at low and high pressures.  CO2 was then used to purge the system of brine up to 
the core holder via a bypass to minimize CO2/brine mixing and carbonic acid formation before the core itself.  CO2 
pressure was then raised to 100 bar. After about an hour, of stabilization, CO2 was injected in a series of incremental 
flow rates, until the pressure drop across the core had stabilized.  Flow rates were chosen so that each experiment lasted 
no longer than 3-4 hours, avoiding any additional salt precipitation induced effects. The first flow rate was chosen 
based upon on a numerical estimate of breakthrough time by solving a non-linear diffusion operator as discussed in 
reference [12].  Flow was doubled until a reasonably high flow rate, typically around 10 mL/min, and then increased in 
linear steps until the system’s maximum stable flow rate was achieved at approximately 30–50 mL/min (see Figure 2 
below). The maximum CO2 saturation is reached at the inlet of the core, with a monotonic decrease to a saturation 
corresponding to pc = 0 at the outlet. Because pore occupancy is controlled by capillarity, the ratio of the pressure drop 
at a given flow rate to the breakthrough pressure, ∆P/Pb, corresponds to the ratio of the smallest pore throat radius 
occupied at breakthrough to the smallest pore throat radius at the flow rate of interest. Therefore, a high ∆P/Pb ratio 
ensures that the residual water saturation is approached at the inlet. While the pressure drop is sufficiently large to reach 
residual water at the inlet, the capillary number, the ratio of viscous to capillarity induced pressure drop is kept 
sufficiently small, below the level needed to mobilize residual water (see [13]). The pressure drop as a function of flow 
rate reaches a constant slope at the larger rates, and this measurement technique may be used to corrected for capillary 
end effects as given by [9]:         








                                                       (4) 
This result is different from taking simply the ratio of the flow rate to the pressure drop. 
 
Sources of measurement error 
Three sources of error are possible. The first is the evaporation of water, which would increase the mobility to CO2 by 
opening up fluid pathways. The second is the precipitation of salt, which might cause a minor reduction in the mobility. 
Therefore, our conclusions were tested by repeating the same procedure with a synthetic rock in which distilled, 
deionized water is used rather than a salt solution. Finally, additional experimental error occurred at high pressure 
because of fluctuations in the back pressure regulator approaching a bar. Experimental data was noisy, varying by 5-




APPENDIX A. PUBLICATIONS 97
 / Energy Procedia 00 (2010) 000–000 5 
5 
4. Results 
We summarize the results of the Berea sandstone and P3C alumina ceramic displacement experiments.  Results from 
an example experiment are shown in Figures 2 and 3.  Experimental conditions are noted in the figure captions. 
 
Figure 2: Sample results: Berea 100 sandstone core at 20 °C, 100 bar, 1% NaCl, kr_CO2=0.44 
A drop in backpressure between 15 and 20 mL/min caused a subsequent decline in pressure drop, but the data is 
consistent on either side of this shift with kr_CO2=0.41 between 4 and 15mL/min and kr_CO2=0.44 between 20 and 30 
mL/min. 
Figure 3: Sample results: P3C alumina ceramic core at 20 °C, 100 bar, DI water, kr_CO2=0.39 
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A summary of experimental conditions and results for a selected subset of experiments is shown in Table 1.  The 
experiments universally had intermediate values of end point drainage CO2 relative permeability. The first experiments 
were a P3C alumina ceramic (12.2 mD) and a higher permeability (655 mD) Berea sandstone with a 5% brine at liquid 
CO2 conditions (100 bar, 20°C). These experiments were repeated with CO2 flooding from the top of the core rather 
than the bottom followed by testing a lower permeability Berea (120 mD) with a less saline brine (1% NaCl) to reduce 
any effects due to salt. 
 
Table 1: Summary of conditions and results for drainage end point relative permeability of CO2 displacing water. 
 
Next, experiments were conducted with synthetic inert and homogeneous P3C alumina and with deionized water in 
place of 5% brine to eliminate any extraneous effects due to salt. We also carried out several experiments at 
supercritical conditions (100 bar, 50 °C) and far away from both the gas-liquid and liquid-hydrate transitions on the 
CO2 phase diagram. Finally a set of experiments was performed with a modified setup at 20°C with varying back 
pressure including gas and liquid phase CO2 (10, 20, 35, 65 bars) with similar results. In all cases, we found drainage 
end point relative permeability values (twelve experiments in total) to be tightly clustered, with six experiments 
between 0.37-0.40, an additional four experiments in the range of 0.30-0.47, and two outlier measurements at values of 
0.19 and 0.56. This result suggests that conventional assumption of CO2 having a relative permeability close to unity 
may be inappropriate. 
 
5. Discussion 
Given the common assumption of CO2 being a nonwetting fluid in relation to aqueous solutions of common salt, we 
anticipated that the drainage endpoint relative permeability of (inert) CO2 displacing water would be in the range of 
0.8–1. Instead, all of our experiments resulted in intermediate values for relative permeability of CO2 displacing water, 
more typical of a weakly wetted system. Other recent investigations of the relative permeability of CO2 displacing brine 
have found surprisingly low values [6, 7]. These intermediate values imply that CO2 cannot be treated as an inert 
nonwetting phase for mobility calculations. Even a supercritical CO2 displacement has low values of end-point relative 
permeability. Experiments with CO2 in silica aerogels as well as molecular dynamics simulations between CO2 and 
muscovite have shown CO2 layers bound to mineral surfaces [14]. Contact angle measurements of saturated CO2 and 
water on quartz and mica show an increasing angle as high as 60° through the water phase with increasing pressure and 
salinity [15]. Quantitative CO2-water-mineral contact angle measurements are needed, especially under conditions of 
storage. 
Lower CO2 relative permeability will affect the flow of CO2 in reservoirs in several ways.  Storage capacities will be 
decreased in pressure-limited reservoirs where storage capacities are determined by the caprock fracturing pressure. 
CO2 migration and the shape of the plume are functions of mobility ratio in dipping beds [16, 17], and therefore fixing 
this ratio is quite critical for determining capacity. Furthermore, if, as evidenced by the end-point mobility, CO2-water 
systems are weakly-wet, counter imbibition of water may be ineffective, thus reducing residual trapping. Therefore, 
petrophysical analyses for potential CO2 sequestration sites should include core-scale relative permeability 
measurements to improve the ability to calculate plume migration more accurately than what is prevalent today. 
6. Conclusion 
Endpoint relative permeability experiments of CO2 displacing water from synthetic and natural rock cores at both 
liquid and supercritical conditions have been performed. Endpoint CO2 relative permeabilities are shown to have 
intermediate values with the results tightly clustered around 0.4. We conclude that CO2 cannot be treated as an inert 
nonwetting phase and further pore-scale experiments are needed to explain the underlying reasons for this result. Based 
on these results, pressure-limited reservoirs will have reduced capacity while area-limited reservoirs will have increased 









End point CO2 
relative permeability 
Berea 500 100 20 Liquid 5% 10 655 0.38 
Berea 100 100 20 Liquid 1% 10 120 0.44 
P3C 100 20 Liquid 5% 10 12.2 0.34 
P3C 100 20 Liquid DI 20 12.2 0.39 
P3C 100 50 Supercritical DI 20 12.2 0.37 
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petrophysical analyses for potential CO2 sequestration sites should include relative permeability measurements on 
reservoir core samples rather than relying on extrapolations based on prior studies. 
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Appendix B
Glossary
This dissertation is highly interdisciplinary combining various earth science and engineering
disciplines. While I have made an attempt to avoid jargon terms whereever possible, their
introduction has been unavoidable and so the dissertation contains terms that while common
in one field are completely foreign in others. I have made an attempt to define terms as
they are introduced, italicizing the first usage, with more formal definitions included in
this glossary. Most definitions are from the Schlumberger Oilfield Glossary, available at
http://www.glossary.oilfield.slb.com, although I have abbreviated or paraphrased where
necessary.
Breakdown Pressure The fluid pressure elevation required to fracture a rock.
Capillary Number A dimensionless number expressing the ratio of viscous and capillary
forces. Typically capillary number is defined as Nc ≡ µVσ , where µ is viscosity of
the phase being displaced, V is velocity, and σ is interfacial tension. An alternative
capillary number is Nc ≡ kσ∇P where k is permeability and ∇P is the pressure
gradient.
Capillary Pressure The difference in pressure across a surface interface between two im-
miscible fluids, or a fluid and a vacuum, inside a capillary. Defined as Pc ≡ Pnw −Pw
where Pnw is the nonwetting phase pressure and Pw is the wetting phase pressure. By
the Young-Laplace equation Pc =
2σ
R where σ is the interfacial surface tension and R
is the radius of curvature.
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Caprock A relatively impermeable rock, commonly shale, anhydrite or salt, that forms a
barrier or seal above and around reservoir rock so that fluids cannot migrate beyond
the reservoir.
Clathrate A crystalline solid consisting of gas molecules contained in a solid water cage
structure. The gas molecules stabilize the formation of solid water cages allowing
formation of clathrates at temperatures above those required for ice formation. For
more details see (Sloan and Koh, 2007).
Contact Angle The angle of intersection of the interface between two fluids at a solid
surface. Alternately the angle a fluid makes with a solid surface in a vacuum. At
a contact angle of 0◦ a fluid is said to be perfectly wetting and it will attempt to
uniformly spread across the solid surface. At 180◦ a fluid is said to be perfectly
nonwetting and will bead on the surface.
Darcy Units The Darcy (D) is the chosen unit of permeability in petroleum engineer-
ing and much of hydrology. It is approximately 10−12 m2 and differs by scaling at-
mospheres per bar (1/1.01325). 1 D ∼9.87 · 10−13 m2. Typically permeabilities are
reported in units of millidarcies, mD.
Darcy’s Law Darcy’s Law relates flow through a porous medium to constituent parts.
Darcy’s Law is defined as Q = −kAµ ∇P or alternately v = −kµ ∇P where flow Q across
an area A, or velocity v, are related to permeability k, a property of the rock alone,
viscosity µ a function of only the flowing fluid, and the imposed pressure gradient ∇P
or ∆PL .
Diagenesis The physical, chemical or biological alteration of sediments into sedimentary
rock at relatively low temperatures and pressures that can result in changes to the
rock’s original mineralogy and texture.
Displacement Definition
Drainage The process of forcing a nonwetting phase into a porous rock, thereby displac-
ing the wetting phase. CO2 is typically the nonwetting phase so CO2 injection is a
drainage process.
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End point drainage relative permeability Definition
Hydrate See clathrate above. While the term ’hydrate’ refers to any water-containing
molecule, e.g. a hydrated salt or clay, I restrict my use of the term to clathrate
hydrates.
Imbibition The process of absorbing a wetting phase into a porous rock.
Karst Large voids in a rock. Karsts are typically formed in carbonate rocks from water
flow with the most familiar and dramatic example the extensive cave systems formed
from underground river flow.
Mobilization Definition
Nonwetting Phase See wettability and contact angle definitions.
Nonwetting Phase Irreducible Saturation The lowest nonwetting phase saturation that
can be achieved by displacement with a wetting phase, , i.e. the amount of nonwetting
phase that remains trapped in a rock.
Pelagic Related to the open ocean rather than the coastal environment.
Permeability The ability to transmit fluids, in particular, the intrinsic ability of a porous
media to conduct fluids, typically reported in Darcy units. See Darcy Units above.
Pore A discrete void within a rock, which can contain air, water, CO2 or other fluids.
Pore Throat In an intergranular rock, the small pore space at the point where two grains
meet, which connects two larger pore volumes. The number, size and distribution of
the pore throats control many of the resistivity, flow and capillary-pressure character-
istics of the rock.
Porosity The percentage of pore volume or void space within a rock. Effective porosity is
the interconnected pore volume in a rock that contributes to fluid flow in a reservoir.
It excludes isolated pores. Total porosity is the total void space in the rock whether
or not it contributes to fluid flow.
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Relative Permeability A dimensionless term devised to adapt the Darcy equation to
multiphase flow conditions. Relative permeability is the ratio of effective permeability
of a particular fluid at a particular saturation to absolute permeability of that fluid
at total saturation.
Salting Out The precipitation of salt left behind as brine water slowly evaporates. Of
particular concern is the evaporation of water out of the aqueous phase into CO2 due
to the very small miscibility of water in the CO2 phase.
VI Virtual instrument. Computer automation and control is done using a LabView VI.
Wetting Phase Residual Saturation The lowest wetting phase saturation that can be
achieved by displacement with a nonwetting phase, i.e. the amount of wetting phase
that remains trapped in a rock.
Wettability The preference of a solid to contact one liquid or gas, known as the wetting
phase, rather than another. The wetting phase will tend to spread on the solid surface
and a porous solid will tend to imbibe the wetting phase, in both cases displacing the
nonwetting phase.
Wetting Phase See wettability and contact angle definitions.







Water & CO2 Post-vent: Water only
Water 
Mass CO2 Mass
1 241.446 261.551 259.245 17.799 2.306
2 247.530 267.332 265.160 17.630 2.172
3 250.644 270.977 268.665 18.021 2.312
Average 17.82
Corrected for tubing volume 17.57
Length of core (cm) 10.2
1/8" tubing vol per cm 0.024
Tubing volume (mL) 0.25
Table C.1: System dead volume measurement and calculation
C.2 Permeability & Relative Permeability Data
C.2.1 Experiments at High Pressure
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Figure C.1: LabView VI of a P3C brine permeability measurement

























Figure C.2: Plot of pressure vs. flow rate for liquid CO2 invading a P3C core. Note:
























Figure C.3: Plot of pressure vs. flow rate for liquid CO2 invading a P3C core. Note:
pressure did not stabilize at 50 mL/min and this data was not used to make any calcula-
tions.






























































































































































































































































































































































































































































































































































































































































































































































































































Table C.2: Raw data used for calculating the saturation during the P3C core flood.
























Figure C.4: CO2 relative permeabilities for a P3C core based on the local slope of





























300 2 4 6 8 10 12 14 16 18 20 22 24 26 28
CO2 Relative Permeability
CO2 Saturation
Figure C.5: CO2 relative permeability and saturation calculated from data at the flow
rate indicated and the flow rate preceding for a P3C core.
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Figure C.6: CO2 relative permeabilities from flow rate vs. pressure drop for a Berea 500




























400 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
CO2 Saturation
CO2 Relative Permeability
Figure C.7: CO2 relative permeability and saturation for a Berea 500 sandstone calcu-
lated from data at the flow rate indicated and the flow rate preceding. The error caused by
a pump shutdown is clear at intermediate flow rates but disappears at higher flow rates.
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Figure C.8: CO2 relative permeabilities from flow rate vs. pressure drop for a Berea

































300 2 4 6 8 10 12 14 16 18 20 22 24 26 28
CO2 Saturation
CO2 Relative Permeability
Figure C.9: CO2 relative permeability and saturation for a Berea 500 sandstone calcu-
lated from data at the flow rate indicated and the flow rate preceding. The error caused
by not reaching capillary equilibrium at the lowest flow rates is clear from comparison of
the two sets of curves.
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C.2.2 Experiments at High Pressure with No Salt
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500 5 10 15 20 25 30 35 40 45
CO2 Relative Permeability
CO2 Saturation
Figure C.11: CO2 relative permeability and saturation for a P3C core calculated from
data at the flow rate indicated and the flow rate preceding. Removing the 15 mL/min
pressure data (compare the two curves) locally smoothes the data.
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1:15 PM 1:30 PM 1:45 PM 2:00 PM 2:15 PM 2:30 PM 2:45 PM
Figure C.14: Impedance measurements during the CO2 core flood experiment. Note the
relatively high initial impedance due to the low conductivity of deionized water.
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400 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
CO2 Saturation
CO2 Relative Permeability
Figure C.16: CO2 relative permeability and saturation for a P3C core calculated from
data at the flow rate indicated and the flow rate preceding. The raw data is so noisy that
only the general trend of about kor=0.30 should be believed.
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C.2.3 Experiments at High Pressure with Greater Signal-to-Noise Ratio
& No or Low Salt
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300 2 4 6 8 10 12 14 16 18 20 22 24 26 28
CO2 Relative Permeability
CO2 Saturation
Figure C.18: CO2 relative permeability and saturation for a P3C core calculated from
data at the flow rate indicated and the flow rate preceding.
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Figure C.19: CO2 relative permeabilities from flow rate vs. pressure drop for a Berea







































300 2 4 6 8 10 12 14 16 18 20 22 24 26 28
CO2 Saturation
CO2 Relative Permeability
Figure C.20: CO2 relative permeability and saturation for a Berea 100 sandstone calcu-
lated from data at the flow rate indicated and the flow rate preceding. The error caused
by a pressure swing is clear but disappears at higher flow rates.
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CO2 Relative Permeability
CO2 Saturation
Figure C.22: CO2 relative permeability and saturation for a P3C core calculated from
data at the flow rate indicated and the flow rate preceding.
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C.2.4 Experiments at Lower Pressures























Figure C.23: CO2 relative permeabilities from flow rate vs. pressure drop for a P3C
core. kor=0.50.




















2:15 PM 2:30 PM 2:45 PM 3:00 PM
Figure C.24: Impedance measurements during the first P3C CO2 core flood experiment,
















4:15 PM 4:30 PM 4:45 PM 5:00 PM
Figure C.25: Impedance measurements during the second Berea 500 sandstone CO2
core flood experiment, liquid CO2, 5% NaCl. The vertical axis is on a log scale to enable
viewing the earliest measurements.
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Chapter 1
Introduction
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1.1 Organization
The operating manual begins with introductory and detailed design sections
that can be skipped by a reader already familiar with the system or only
interested in operations. A motivational section explaining why design de-
cisions were made as they were follows in the introduction. This is followed
by a very detailed description of the design and experimental equipment in
Part 1, and is meant to serve as the document of record for any question
regarding the system. As such, it is intended to contain more detail than
any reasonable person might want, but should hopefully prove invaluable to
some future scientist or technician with the unfortunate task of trying to fig-
ure out what the designer was thinking when he made a particular decision
which may seem arbitrary or simply, and quite possibly in hindsight, wrong.
Following this is an operations manual in Part 2, which is intended to serve
as a detailed guide to performing the various steps in the experiment.
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1.2 Motivation
1.2.1 Introduction
This experiment is a high pressure core flooding reactor designed to test
the effects of pushing carbon dioxide through water saturated cores. The
project has begun as a collaboration between T.S. Ramakrishnan’s CO2
group at Schlumberger-Doll Research and Columbia University’s Dave Gold-
berg, Klaus Lackner, and Juerg Matter, forming a group supervising the
Ph.D. dissertation of Jonathan Levine, originally focused on disposal in deep
ocean sediments. The experiment has therefore been built to answer a specific
set of questions that are particular to the pressures, temperatures, chemistry,
and geomechanics of deep ocean sediments, but designed for continued use
by Schlumberger in the broader field of geologic sequestration.
1.2.2 Carbon Dioxide Sequestration
Anthropogenic carbon dioxide emissions are the primary cause of anthro-
pogenic global warming and ocean acidification (IPCC). Solving this problem
requires either avoiding these emissions entirely or disposing of the approxi-
mately 30 Gt/yr of anthropogenic CO2 somewhere other than the atmosphere
and ocean, i.e. the lithosphere - underground. Carbon capture and storage or
sequestration (CCS) would entail capturing CO2 either directly from emission
sources or indirectly from the atmosphere or ocean and burying or injecting
the captured CO2 underground.
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Geologic Sequestration
To achieve high disposal capacities of CO2 it is desirable for the CO2 to be
in a dense phase. Temperature increases with depth underground from the
geothermal gradient. In geologic sequestration pressures necessary for dense
phase CO2 are typically reached at supercritical temperatures (> 31
◦C) with
hotter temperatures expected to be more typical. Experiments for geologic
sequestration are therefore typically at representative temperatures of 50–
90 ◦C.
Disposal in Deep Ocean Sediments
At the pressures and temperatures of the deep ocean (> 2, 700 m) and the
sediments immediately beneath, liquid CO2 is denser than water and sinks.
Deep ocean sediments are of interest due to the stability afforded by gravi-
tational trapping as well as the large storage capacities. Depending on the
pressure set by the seafloor depth, the seafloor temperature, and the geother-
mal gradient, the neutral buoyancy level may be at different depths in the
sediment, but will always be at liquid CO2 conditions. Therefore, experi-
ments at conditions relevant to gravitational trapping temperatures must be
at liquid CO2 temperatures.
CO2 Hydrates
Carbon dioxide hydrates can form at the pressure and temperatures of the
seafloor and shallow sediments in either sub-shallow seabed geological or deep
ocean sediment gravitational sequestration. CO2 hydrates are of interest for
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flow effects, as a potential trapping mechanism, and for its role in fracturing
dynamics in shallow sediments.
1.2.3 Design Goals
This experiment has been designed to test several different broad questions
with slightly different, though not incompatible, parameters and goals. All
experiments aim to test changes in transport properties caused by fluid-fluid-
rock interactions. Experiments thus far have been focused on CO2/water
relative permeability. However, the experiment has been designed to incre-
mentally include reactive geochemistry of carbonates, geochemomechanics
and hydrates. The several experiments can broadly be categorized as:
1. Initial experiments to understand transport in the absence of geochem-
istry, including relative permeability
2. Reactive geochemistry: dissolution and precipitation of rock minerals
3. Reactive geochemo-mechanics: dissolution and precipitation with high
stress
4. CO2 hydrates: matrix and fracture flow
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Chapter 2
Design & Equipment
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The experimental design goal is to inject brine and carbon dioxide through
a core at controlled pressure and temperature while accurately performing
various analytical measurements. The experimental design can therefore be
divided into two broad categories: core flooding and control equipment and
analytical equipment. Anything that is used for holding the core, pushing
liquids, holding or pushing chemicals, controlling pressure or temperature,
or automation and control can be described as being used to perform the
experiment. Anything that is used for measuring what is going on inside
the core is considered analytical equipment, with some overlap in monitoring
equipment such as pressure transducers that are also used to control the
experiment. The experimental design is shown in Figure 2.1.















































































































































































































































































































































Figure 2.1: Experimental diagram
APPENDIX D. OPERATING MANUAL 136
2.1 A Brief Description of the Design
Brine and CO2 originate in pumps capable of accurately metering out a con-
stant volumetric flow rate. After flowing through tubing and valves, fluid
is pushed through a rock core held in a high pressure core holder. Very ac-
curate pressure transducers are located at either end of the core holder to
measure permeability changes of the rock core. The core holder, optical cell,
and pressure transducers are contained in a large temperature control cham-
ber so that both in-situ pressure and temperature are accurately controlled,
and measurements are made at in-situ conditions. The core is held inside a
rubber sleeve which is surrounded by an inert jacketing fluid used to exert a
radial pressure to prevent fluid bypass around the core, while also serving as
a proxy for geomechanical stress. Embedded in the core holder and rubber
sleeve are impedance terminals to make a 4-wire measurement of impedance
across the core, which is used as a measure of average brine/CO2 saturation
and is also of primary interest for in-situ CO2 monitoring in geologic seques-
tration. After leaving the core, the fluid passes through an optical cell where
it is interrogated in the visible spectrum for eﬄuent water/CO2 composi-
tion, though this capability has yet to be utilized. A pair of back pressure
regulators are used to control pressure at the back of the core, typically to
100 bars. The eﬄuent brine and CO2 are then sent to pressurized sampling
containers, with excess CO2 vented away. After the experiment, the pressure
of the eﬄuent samples is reduced to atmospheric pressure by venting CO2.
The mass of the high pressure sampling containers is taken before the exper-
iment and before and after venting CO2 to back out the eﬄuent brine mass
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and, therefore, average core saturation at discrete time steps throughout the
experiment. Finally, a nitric acid diluent is added to all brine eﬄuent sam-
ples to ensure all species are dissolved, and the samples are then analyzed
by inductively coupled plasma spectroscopy for geochemistry.
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Figure 2.2: Lab setup
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Core Flooding & Control
Equipment
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2.2 Valves, Tubing, Fittings
All stainless steel high pressure valves and tubing are Swagelok brand. All
valves and tubing are rated higher than the 2,000 psi rating of the core holder
with the exception of the sampling containers (1,800 psi). The majority of
tubing is 1/8” OD, 0.069” ID and chosen for having more physical strength
and less pressure drop than 1/16” tubing, but less dead volume than 1/4”
tubing. In certain critical places 1/16” or 1/4” OD tubing is used. To min-
imize CO2/water mixing before fluid enters the core, 1/16” OD 0.0225” ID
tubing is used between the control panel and the pressure transducers im-
mediately before the core holder. To connect the vacuum pump and vacuum
pressure transducers to the rest of the system, 1/4” OD tubing is used. The
water sampling system uses 1/16” tubing to minimize mass as well as vent-
ing losses. Plastic tubing connected to stainless steel valves and fittings is
used for low pressure gas lines (argon, helium, nitrogen) and is 1/4” OD
Swagelok. The different tubing sizes and materials are reflected in the thick-
ness and color of the lines used in the design diagram, while the different
valves are listed in the legend. Valco fittings are used on the Iscos and the
Isco air valve packages. All connections have been found to be leak free us-
ing a Matheson Gas Products Leak Hunter 8065 capable of detecting helium
leaks as small as 10 nL/s by measuring differences in thermal conductivity
relative to an initial air sample.
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2.2.1 Valves
1/16” ball valve ss-41gs1
1/8” ball valve ss-41gs2
1/8” tee ss-200-3
1/8” 3 way valve ss-41gxs2
1/8” HL (tee shaped) 3 way valve ss-41gxhls2





1/8” to 1/8” male NPT ss-200-1-2
1/8” to 1/4” male NPT ss-200-1-4
1/4” to 1/8” reducer ss-400-r-2
1/4” x 1/8” tube OD ss-400-6-2




APPENDIX D. OPERATING MANUAL 142
2.2.3 Tubing & Sampling Containers
1/16” tubing ss-t1-s-020-20 12, 000 psi
1/8” tubing ss-t2-s-028-20 8, 500 psi
1/4” tubing ss-t4-s-028-20 4, 000 psi
40 mL sampling containers 304L-HDF2-40 1,800 psi
2.2.4 Control Panel
A control panel has been made to organize and label the valves and can be
seen in Figure 2.4. A schematic showing the connections between the various
valves, as well as the external plumbing is shown in Figure 2.5. Finally, all
valve connections are labeled on both sides of the control panel. At this point
the control panel is out of date from many evolutionary valve additions and
could be replaced with a more efficient layout.
At the bottom left is a ball valve leading to a needle valve, with the pair
protecting the vacuum equipment from the system’s high operating pressures.
Above this is a bypass valve which allows the system to be purged of brine
immediately before CO2 flooding to minimize CO2/brine mixing. The bypass
also allows for sampling brine for use as a reference for all geochemistry
measurements. At the top right of the control panel are two needle valves
that control flow in and out of the radial jacket. The needle valves leading
from the core goes to a three way valve that is used for the initial nitrogen
pressure loading, connecting to either a 100 psi nitrogen pressure line or to a
low pressure back pressure regulator, which can be seen at the bottom right
corner of the control panel. In the center of the control panel are two HL tee
valves that do not have a closed position. The top valve connects fluorinert
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line to either the vacuum pump and helium supply, or the core jacket, or
both. The lower valve connects the brine or CO2 pumps to the vacuum and
helium supply, or to the front of the core, or to both. At the bottom right
of the control panel is a similar valve connecting the back of the core to
either the vacuum and helium supply, the back pressure regulators, or both.
Above this valve is a normal three way valve that can be either closed or
used to connect the brine/CO2 pumps and optionally the vacuum/helium
line to either the front of the core or the bypass line. The layout can be seen
in Figures 2.4 and 2.10 but is probably best understood by looking at the
control panel schematic in Figure 2.5.
Figure 2.3: Control panel
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Figure 2.4: Control panel schematic
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2.3 Chemicals
2.3.1 Chemical Handling
All solid masses are weighed by standard lab balances in disposable alum-
nium weighing dishes (Fisher Scientific). Masses less than 320g, including
both salts and sampling containers, are weighed using a Sartorius CP324S
balance accurate to 0.1 mg. Larger masses, including brine water, are mea-
sured with a Mettler Toldeo XS12001M balance accurate to 0.1 g. Small
volumes are measured by dispensing with Finnipipette digital auto-pipettes
(Fisher Scientific) with ranges of 100–1000µL and 1–10 mL and appropri-
ately sized pipette tips (Finntip 1000 lot 8141A0, Finntip 10ml lot 82223B3).
Large volumes are measured by mass. ICP glassware and plasticware is dis-
cussed in detail in the ICP section, but is separate from routine glassware.
Disposable ICP-clean plasticware is the preferred labware to prevent trace
metal contamination.
2.3.2 Solids
Salts are from Fisher Scientific with the following specifications. Salts are
purposefully purchased in smaller quantities to contain any contamination
should contamination occur.
Sodium Chloride: Alfa Aesar, 500g, 99.0% min, stock 12314, lot J20T026
with traceable impurities listed at trace levels. Table salt is nontoxic.
Lithium Chloride: Fisher, 100g, certified ACS, lot 085634, Na: 0.02%, others
<0.01%. Small amounts of lithium are harmless, intermediate amounts are
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given for psychopharmacological purposes, while larger amounts can be toxic.
2.3.3 Liquids
Reference standards are discussed in the ICP section. They typically contain
a 2% or 5% nitric or hydrochloric acid solution and should be handled with
care and kept in an acid cabinet. Fluorinert FC-40 is obtained from 3M. It
is a fully fluorinated fluorocarbon chain and is toxic if swallowed.
Water
Brine water is 18.2 MΩ-cm ultrapure water from a Millipore Synergy UV be-
ing fed house reverse osmosis deionized water (RODI). Millipore filters must
be replaced every 6 months to 1 year depending on water usage. Building
tap and RODI water is used for routine cleaning while RODI and ultrapure
water is used for cleaning any ICP related glassware. Small amounts of water
are nontoxic.
Nitric Acid
A nitric acid diluent is introduced into each sampling container to ensure
sufficient sample quantity for the ICP as well as to lower pH to prevent loss
to precipitation. Nitric acid is also used for diluting ICP reference standards,
washing ICP glassware, as well as rinsing flow lines into the ICP and ICP
equipment. Nitric acid used for any purposes related to the ICP must be trace
metal grade nitric acid (not, e.g., HPLC grade) and is available from Fisher
Scientific. It is worth noting that ICP protocols referring to full strength
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nitric acid or, e.g., 2% or 5% nitric acid are actually referring to 68% nitric
acid, formed at the maximum boiling point azeotrope of nitric acid and water.
So a 2% nitric acid mixture is in reality 0.68*0.02 nitric acid with the balance
water. Nitric acid is a strong oxidant, a strong acid, and toxic, and must
always be poured and handled in a fume hood and stored in an acid cabinet.
Many plastics are not compatible with nitric acid and care should be taken
with strong acids.
2.3.4 Gases
All gasses are supplied from American Gas Products. Carbon dioxide is
grade 2.8 bone dry (99.8% purity, max. 10 ppm water) and supplied with a
syphon for pulling liquid CO2 from the bottom of the tank. Helium is used
for leak detection and is piped over from an adjacent lab. Helium of any
supplied purity is sufficient quality. The ICP requires argon and nitrogen.
Argon is only used during ICP operation, but requires 12 L/minute (at STP)
of ICP operation. Therefore, a bottle should last about 40 hours of run time.
House nitrogen is 99.9995% purity. The ICP requires nitrogen to purge the
optics of oxygen to be able to detect elements emitting at wavelengths of
120-200nm. Of particular concern is chlorine. The ICP needs a minimum of
99.9995% purity nitrogen (house nitrogen) at 6L/minute (STP) at a pressure
of 3–4 bars. House nitrogen is also to operate the back pressure regulator
solenoids and the Isco and Quizix dual valve packages at a pressure a little
over 100 psi. House nitrogen is also used to provide an initial pressure jacket
around the core when testing for leakage.
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2.4 Deaerator
Before the brine is loaded into the Isco pump it must have as much dissolved
air removed as possible. The Nold Deaerator (Geokon) produces water with
< 1 ppm dissolved air. All tubing and valves are rated for vacuum down to
20 Torr. A vacuum pump is connected to the deaerator via a vacuum flask.
Appropriate valves and tubing are connected to allow the deaerator to be
vented, the vacuum to be (dis)connected, fluid to be pulled in, and fluid to
be sent directly to the brine Isco pump.
Testing with the ICP showed relatively minimal levels (ppb at most) of
contact contamination with all new fittings and all metal parts free of rust or
other damage. Periodic inspection should be carried out visually or by ICP
and individual parts replaced as needed. Periodically DI water is run through
the system to remove any salt contamination. Any cross contamination of
salts between batches or absorption onto equipment should result in only
minor deviations from the desired brine concentrations. More importantly,
sampling is always done downstream of contamination sources including the
deaerator and pumps, so that any deviations from the mixed concentrations
will be measured in the control sample.
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Figure 2.5: Deaerator
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2.5 Isco Pumps
Isco pumps are used for dispensing liquids due to their extremely high dis-
placement accuracy and the very small pressure fluctuation at switchover
when using a valve package for continuous operation with two pumps. The
high displacement accuracy is fixed by the known displacement caused by
a single turn of the internal gears of the Isco pumps, 16.63 nL for a 260D,
25.38 nL for a 1000D with both having listed flow rate accuracies of ± 0.5%.
This is important because the volumetric flow rate must be accurately known
to measure permeability. Directly measuring the flow rate at this accuracy
would have been more difficult because of the combination of high pressures
and needing to measure the flow rates of both the CO2 and water phases.
The complexity and non-standard equipment implied meant less reliability,
and potentially accuracy, than fixing the volumetric flow rate on the Iscos
and relying on the known accuracy of the HBM pressure transducers, rather
than fixing the pressure and trying to measure flow. Therefore, the CO2 and
water Iscos are run under fixed volumetric flow rate mode and not fixed pres-
sure mode. By contrast the Fluorinert pump provides a constant pressure
jacket and is run in constant pressure mode.
2.5.1 Water Pumps
A used pair of Isco 1000Ds with an air actuated valve package was obtained
from another group at SDR. These were received containing what was most
likely mud inside. They were taken apart, cleaned, and had new o-rings in-
stalled. The metal barrels could not be completely cleaned and still have
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some surface damage, but were found to be within the manufacturer’s leak-
age specifications. The Isco 1000Ds are rated to 2, 000 psi (137.9 bars) and
each have a capacity of 1015.0 mL. Flow range is 1µL/min–408 mL/min
while displacement resolution is 25.38 nL. Flow rate accuracy is ± 0.5% and
maximum seal leakage is 1.5µL/min though multiple leak tests have been
performed and leakage was found to be around half this or better. Because
the capacity is about 10 core volumes, the volume in one pump is sufficient for
one experiment and so only one pump was used for the earliest experiments.
Later experiments used both pumps and the valve package. Temperature
control jackets may need to be added to the experiment later. The devia-
tions caused by thermal compressibility of water are deemed acceptable for
the relative permeability experiments thus far.
2.5.2 CO2 Pumps
A pair of new Isco 260Ds with an air actuated valve package were obtained
from Teledyne Isco. The Isco 260Ds are rated to 7, 500 psi (517.1 bar) and
each have a capacity of 266.05 mL. A high pressure limit of 135 bars is set
to avoid the possibility of an operator error or other error resulting in an
overpressure. The valve package has built in one way check valves and air
actuated switching valves to continuously pull liquid CO2 from the cylinder
and push it at a controlled rate (or pressure) with a very small (0.35 bar) pres-
sure transient at pump switchover. Pump minimum flow rates are 1µL/min.
For continuous dual pump constant flow operation, the maximum flow rate
for liquified gases such as CO2 is reduced to about 45 % of the rated sin-
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gle pump flow rate, or about 45 mL/min, and requires active temperature
control via temperature control jackets. The CO2 pumps have temperature
jackets connected to a Julabo thermal recirculator detailed in the Temper-
ature section below. CO2 temperature must always be controlled both for
reliable pump operation and to ensure CO2 is dispensed at the temperature,
and therefore density, of the experiment.
2.5.3 Fluorinert Pump
A used 100DM pump was obtained from within the CO2 group and was
found to be clean and operational with no further modification. The 100DM
is rated to 10, 000 psi (689.5 bar) and has a capacity of 102.93 mL. It has
been found that the Isco supplied pressure transducer drifts about 10 bars
at 2, 000 psi (137.9 bars), therefore a high pressure limit of 155 bars is set
to avoid the possibility of an operator error or other error resulting in an
overpressure while providing a buffer to incorporate the transducer drift. The
small capacity of the pump relative to the much larger capacity of the pressure
jacketing annulus around the core (∼1 liter) means that the fluorinert pump
must be refilled multiple times at the beginning of each experiment.
2.5.4 Pump Control
The pumps are controlled through electronic control boxes. One box controls
the 100D and 260Ds while the 1000Ds are controlled by a box with firmware
specific to that model. The firmware can be changed on the newer controllers
with appropriate software from Isco. The two electronic control boxes are
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connected to the data acquisition computer by a splitting cable purchased
from Isco with a generic extension cable going over the ceiling and plugging
into the RS232 dongle in Port 2 of the PXI RS232 card. The pumps can be
controlled manually with the buttons on the Isco control boxes or remotely
with VISA commands in LabView.
Figure 2.6: Isco pumps
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2.6 Vacuum Pump
Before each experiment the entire system, excepting the pumps and sample
containers, is evacuated by a vacuum pump. The vacuum pump is also used
to pull a weak vacuum on the rubber jacketing sleeve during insertion and
removal of the slightly oversized cores. The vacuum pump is a Sahara model
8350 which is also listed as a BH2-60HD. It consists of a dual diaphragm
pump capable of reaching as low as 4 Torr and an Alcatel 5011 drag pump
for reaching deeper vacuums as low as 10−5 Torr. The pump is oilless so that
upstream oil contamination is not an issue. The pump can handle vapor and
moderate amounts of water. The muﬄer has been replaced with an eﬄu-
ent water line so that water vapor does not condense inside the diaphragm
pump heads. Similarly, appropriate valving has been installed to bypass the
drag pump during initial startup when larger amount of brine can be pulled
from, e.g., lines or the core, with the potential for brine precipitation in
the turbopump. Repairs have been made (Dave Hoke, Drivac, drivac.com,
215-345-7044) to the electronics, diaphragm pump flapper valves, and tur-
bopump bearings. It has been found that small sand grains can collect in
the diaphragm pump heads and cause problems, necessitating dismantling
and emptying of the appropriate section. Some form of vacuum settling flask
may be desirable in the future.
APPENDIX D. OPERATING MANUAL 155
Figure 2.7: Vacuum pump
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2.7 Core Holder
2.7.1 Core Holder
The core holder is a four electrode Temco ECH series Hassler type rated
to 2,000 psi and tested by the manufacturer to 3,000 psi. The core holder
consists of a large metal cylinder fitted with a variety of ports for fluids, wires,
and a thermocouple. The end caps allow one fluid line and one amperage
source wire to enter each end of the core. The core holder body allows two
fluid lines, two wires for voltage sense measurements, and has a third port
to be used for measurements on the annular space. In this implementation
this port is used for inserting a thermocouple to measure the temperature
of the annular space. The core itself is held in a radial rubber sleeve with
an inner diameter of 1.500”. The rubber sleeve allows radial pressure to be
applied from the annular space surrounding the core (see Fluorinert Jacket
section below). The contacting surfaces at the ends of the rock core are
metal cylinders with radial and annular grooves, similar in geometry to target
crosshairs or a dartboard, used to distribute fluid more uniformly over the
face of the core. A series of threaded metal end caps seals each end of the core
holder while providing linear compression to ensure good electrical contact
between the distributing targets and the core for resistivity measurements.
Cores are drilled slightly larger (1.501”) than the sleeve inner diameter
(1.500”) to ensure a tight fit with no fluid bypass. This requires application
of a small amount of vacuum in the annular space to insert or remove cores
with further discussion in the experimental operations section.
The only associated consumables are the o-rings, of which we have many
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in storage. For additional information on the core holder contact Paul Brauer
of Temco.
2.7.2 Resistivity Wiring
The core holder is a four electrode Temco ECH series Hassler type and has
electrodes built into the rubber sleeve and the end caps. The end caps have
only plastic parts contacting the metal core holder with passthrough wiring
to the metal targets contacting the core. Linear pressure is placed on the
plastic end caps by tightening the larger threaded metal end caps to ensure
good contact between the metal amperage targets and the ends of the rock
core. Wires are soldered between pins that pass through the core holder and
radial electrodes on the rubber sleeve used for voltage sense measurement.
Fluorinert is chosen as the jacketing fluid because it is nonconductive and so
will not affect the measurement. This section is repeated in the discussion
of the impedance system.
2.7.3 Fluorinert Jacket
The annular space surrounding the sleeve is filled with a jacketing fluid to
prevent flow bypass around the core while also providing a significant radial
stress which serves as a proxy for geomechanical stress. Fluorinert is chosen
for the jacketing fluid because it is nonconductive and will not affect core
resistivity measurements. Air is slightly miscible in fluorinert, allowing any
air remaining in the annulus to be removed by circulating fluorinert. Because
operating protocol requires pressurized fluorinert displacing a pressurized air
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jacket the fluorinert exit contains both a nitrogen line in, as well as a small
back pressure regulator capable of maintaining the minor jacketing pressures
(<150 psi/10 bars) needed at start up.
2.7.4 Stand
A stand for the core holder was custom designed to hold the core holder
vertical to ensure that flow is parallel to gravity. The design was by Michael
Supp, with the CAD drawing and some modifications by Albert Perez. A
metal plate serves as the base for a metal ring for the core holder to sit
in. There are appropriate cuts in the metal ring to allow for the passage of
tubing and wires, while maintaining structural integrity to ensure that the
core holder is vertical. Fabrication was by a local machine shop, Boynton
Machine of Waltham, MA.
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Figure 2.8: Core holder
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2.8 Back Pressure Regulators
Pressure in the system is controlled by two back pressure regulators in series.
The first back pressure regulator is composed of two parts: an electronic
controller and the back pressure regulator itself. The second is simpler and
is controlled manually with a knob with a 0–200 bar pressure gauge (SS 316,
American Gas Products) showing the pressure in the connecting tubing.
2.8.1 Back Pressure Regulators
The electronically controlled back pressure regulator is a Tescom model 26-
1764-24-636A with a Cv of 0.1, though a 26-1764-24-636A is available in
storage with Cv of 0.02. The lower Cv was found to cause serious problems
with fine particles causing the regulator to leak, necessitating modifying the
regulator to the higher Cv model. Pressure is controlled by varying the
pressure on the top of an air dome which translates the 0–100 psi set by
the electronic controller into the 15–2, 500 psi operating pressure of the back
pressure regulator. The manually controlled regulator is a Tescom model
26-1762-25-050 with a control range of 50–6000 psi and has a Cv of 0.1. The
regulators vary the position of a pin sitting in a seat constricting flow and
setting pressure. It is important that no solids get caught here as they
can damage the seat. If the back pressure regulator is leaking backup o-
rings and seats (CTFE=clear, Vespel=brown) are in storage to make the
necessary repair. The o-rings inside the sensor body have been replaced with
Buna-N o-rings due to CO2 permeation causing explosive decompression of
the o-rings when system pressure is dropped. In general it has been found
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that Buna-N o-rings have been successful while Viton, urethane, and some
of the more costly materials supplied by the manufacturer had problems.
2.8.2 Electronic Controller
A Tescom ER3000 electronic controller with a built in PID controller is used
to set the pressure in the system. The house nitrogen line with a small back
pressure regulator setting pressure to just above 100 psi is hooked up to the
inlet line. Inlet and outlet solenoids in the ER3000 set an internal pressure
of 0–100 psi. Metal shavings have previously gotten into these solenoids ne-
cessitating repair by the manufacturer, therefore an air filter has been placed
on the inlet nitrogen line. The wires of the ER3000 are soldered to a power
supply, an inlet 0–10 V signal coming from a pressure transducer (normally
the transducer at the back of the core) via the front panel of the HBM,
and finally wired to the data acquisition computer via an RS485 to RS232
converter wired to a dongle connected to Port 1 of the PXI RS232 card.
The detailed wiring information is available in the manufacturer’s ER3000
operating manual. Electronic control is by VISA commands in LabView.
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Figure 2.9: Back pressure regulators
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2.9 Eﬄuent Collection
2.9.1 Overview
Eﬄuent is collected into a series of sealed pressurized sampling containers
to discretize samples into finite time steps by appropriate valving (Figure
2.11). Eﬄuent is collected from the experiment for two purposes: measuring
the amount of eﬄuent water and measuring the concentration of eﬄuent
salt. The quantity of eﬄuent water needs to be accurately measured as a
function of time to match average core saturation to relative permeability.
Therefore, we accurately measure water displaced out of the core as a function
of discrete time steps corresponding to steps in flow rates and, therefore,
saturation changes. The quantity of salts in the eﬄuent water needs to
be known to accurately measure salt precipitation (salting out effect), as
well as geochemical reactions (dissolution/precipitation), with geochemical
reactions then matched to permeability changes. Sampling is, therefore, also
discretized within each flow rate step. For both purposes it is not important
what conditions the sampling occurs at, but it is very important that no water
and no salt are lost. Saturation is measured by weighing the total water and
salt in each sampling container with a balance accurate to 0.1 mg, and so we
aim to have water and salt losses that are extremely low. The ICP measures
salt concentrations, not total quantities, and so making sure that salt neither
leaves the system nor drops out as a precipitate is more important than
collecting all the brine for ICP analysis. Furthermore, the use of tracers in
both the brine and the nitric acid diluent means that relative concentrations
can be used to back out absolute concentrations and so minor water vapor
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loss will not affect geochemistry results. The common thread is that sampling
pressure and temperature are not of primary interest, while lossless sampling
of the water and salt are of primary importance. Furthermore, any CO2
collected must be disposed of and is not analytically useful.
2.9.2 Water Collected & Total Volume Collected
The core volume for a 10 cm core is about 100 mL, so a 40% porosity core
will initially hold about 40 mL of water in the pore space. Water saturations
at the end of an experiment are calculated to be 0.3-0.5 so that 20–28 mL
of water will be collected during the experiment. Varying amounts of CO2
will be included with each water sample, with no CO2 in the initial samples
and larger amounts up to nearly all CO2 as the experiment progresses. The
experimental protocol is to divert the eﬄuent to vent without collecting after
twice the calculated breakthrough time so that we will not collect unnecessary
pure liquid CO2 while waiting for the pressure drop across the core to stabilize
at a given flow rate step. Calculated collection volumes are therefore 20 mL
per flow step at the 0.5 mL/min flow rates at the start of the experiment,
rising to 40 mL per flow step at the 10–20 mL/min flow rates at the end of the
experiment. Collection volumes scale with volume swept, not with injection
rate, resulting in the counterintuitively relatively similar collection volumes.
The eﬄuent from each flow step is divided between multiple containers to
measure geochemical progression within each step. 40 mL Swagelok sample
cylinders are used for all samples.
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2.9.3 Sampling Conditions
The sampling containers are initially at atmospheric pressure, having been
thoroughly rinsed with 2% nitric acid from previous use. The temperature
of the sampling containers affects neither sample collection nor geochemistry
measurements and so the sampling system is contained at room temperature.
Sampling pressure is set by the mixture of the initial atmospheric pressure
and the pressurized water or CO2 and will typically exceed the vapor-liquid
transition pressure of 57.3 bars at 20 ◦C and may be as high as the experi-
mental back pressure of 100 bars.
2.9.4 Sample Container Assembly
Each sample container assembly consists of a 40 mL Swagelok sample cylin-
der with a 1/16” ball valve for sealing the system during weighing (Figure
2.11). The Swagelok containers are lined with 0.001” of PTFE (Fluorolon
306 black PTFE, S.W. Impreglon, Humble TX) to provide an inert layer over
the 304L stainless steel. To ensure reliable sealing while allowing repeated
connecting and disconnecting from the sampling system, each sampling con-
tainer is attached by a 1/16” miniature quick connect. 1/16” has been used
to minimize dead volume between the collection manifold and the sealing ball
valves. The sample container system must weigh less than 320 g including
brine content to be able to use the 0.1 mg accuracy balance. There are 20 of
these assembles.













-1/16” miniature quick connect stem (~3g)
-1/16” ball valve (~60g)
-40mL sampling connector (140g+20g uid)
-NPT ttings (~10g)
Needs to be <320g for 0.1mg accuracy balance





















































































































































1. Weigh each sampling container assembly before each 
experiment.
2.  Vacuum all pieces of sampling manifold before each experiment.
3. a. During the experiment ll consecutive sampling manifolds, changing 3 way ball valve (3) positions between 
sampling steps.
    b. If necessay, divert CO2 to vent after 2X calculated breakthrough time (vol~20-40mL) while waiting for the 
pressure drop across the core to stabilize.
4. After each core ooding experiment is completed:
    a.  Close all the ball valves.
    b. Release pressure on the entire system before disconnecting sampling assemblies from system via quick 
connects (QCs).  The quick connect stems are only rated to 100psi during coupling and uncoupling so it is impossible 
to safely disconnect a sampling container without reducing pressure.
    c.  Weigh all the sampling containers before and after venting.
Figure 2.10: Sampling design
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Figure 2.11: Sampling system
2.9.5 Sample Collection Manifold
The sampling collection manifold (Figure 2.11) consists of a series of 3-way
valves leading to a series of sampling containers while allowing for diver-
sion of excess CO2 to vent (below). After passing through the pair of back
pressure regulators controlling pressure to 100 bars, eﬄuent can be sent to
either sample collection system or can be vented. During the majority of the
experiment all eﬄuent is collected. After the initial 3-way valve providing
the option to vent, each subsequent 3-way valve selects between its corre-
sponding sampling container and the next valve in the series. The result is
a series of 20 3-way valves in series with each 3-way valve initially pointing
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to a sampling container, to be turned toward the next 3-way valve as the
experiment progresses. At the end of an experiment the ball valve on each
sampling container is closed, sealing in the eﬄuent. The pressure in the quick
connects between each 3-way valve and its corresponding ball valve is then
purged. With the pressure in the distribution system reduced to atmospheric
the quick connects can be safely disconnected. The sampling containers are
then weighed, reattached to the system, the CO2 is vented, and finally, the
sampling containers are weighed again at atmospheric pressure.
2.9.6 Venting
It is assumed that after twice the breakthrough time at a given flow rate that
only CO2 is exiting the core and, therefore, does not need to be collected while
waiting for the system pressure to stabilize. During venting hydrate or solid
CO2 formation in the vent lines must be prevented to avoid clogging. The
venting CO2 will expand by a factor of roughly 200–300 from 800–900 kg/m
3
to 3–4 kg/m3 causing rapid localized cooling. Pressure is therefore dropped
in a series of steps by a pair of needle valves surrounding a small holding tank
and, furthermore, the vent lines are 1/4” tubing. The vent line is wrapped in
heat tape to counter localized cooling. Finally, to prevent rocket nozzle flow
rates at the exit the vent line terminates in a 1/4” X 3/4” union to provide
a larger surface area for the venting CO2. The venting line can be seen in
the bottom right corner of Figure 2.10.
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2.9.7 Measurements
Each sample container assembly is weighed before the experiment, before
venting, and after venting. The decrease in mass from venting provides the
amount of CO2 vented. The mass after venting relative to the tare weight
provides the mass of brine collected minus water vapor lost during venting.
2.9.8 Estimate of Water Vapor Loss
An estimate of the ceiling on water vapor loss can be made by assuming wa-
ter saturated-CO2 filling the 40 mL sampling container with instant removal
without any further evaporation. Liquid CO2 exiting the system at 100 bars
and 20 ◦C has a density of about 20 mol/l (Lemmon et al., 2010). 20 mol/L
* 0.04 L (40 mL = 0.8 moles. Water solubility in liquidCO2 at 20
◦C and
100 bars is 0.003 mol/mol and is slightly lower in the vapor phase (Spycher
et al., 2003). 0.003 mol H2O/mol CO2* 0.8 mol CO2=0.0024 moles of water.
Converted to liquid mass/volume this is (0.0024 moles)(18 g/mol)=0.04 g, or
equivalently 40µL. The floor on the expected water loss is the opposite
extreme, where no CO2 enters the system, such as the initial samples im-
mediately after the earliest steps in flow rate. In this case the system pres-




= 0.1/2400 = 4 ∗ 10−4 moles, about 1/6th the
water loss as the previous case, 7µL. Solubility of water in CO2 will be
reduced due to brine content and so both estimates are high. Furthermore,
any samples that are pressurized from CO2 will have varying water solubility
as pressure is reduced. Solubility of water in CO2 drops slightly as pres-
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sure drops from liquid CO2 at 100 bars to gaseous CO2 from about 0.003
to a minimum of 0.001 mol/mol around 34 bars, before increasing to 0.002
around 20 bars and 0.0043 at 7 bars with absolute solubility staying fairly
constant at the vapor pressure of water, 0.02 bars, down to 1 bar (Spycher
et al., 2003). The lower solubility at intermediate pressures during venting
means that water vapor may precipitate out during venting, but will likely be
lost into the venting CO2, justifying the original choice of upper and lower
bounds. In any event losses on the order of ∼ 7–40µL are an acceptably
low source of error when compared to the error in porosity measurements.
Porosity is typically measured to 0.1% accuracy, equivalent to 100µL on a
100 mL core, but will vary as pore structure changes with pore pressure as
well as confining pressure, with porosity measurements typically at much
lower pressures than the core flooding experiments. Therefore, the errors
in saturation from porosity measurements are sufficiently larger and venting
losses are considered acceptable. Water vapor loss will concentrate the Li
tracer as well as any other species equally. Since geochemical concentrations
are normalized by the Li tracer they are unaffected by water vapor loss, while
changes in the Li tracer concentration provide a measurement of the amount
of water vapor loss.
2.9.9 Sample Size
As the mixture of brine and CO2 leaves the core it is collected for chemical
analysis by inductively coupled plasma spectroscopy. The manufacturer of
the ICP recommends a sample size of 3-5 mL to have sufficient volume for a
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‘typical’ analysis. This will vary with the number of elements and the number
of lines of each element. Taking the high value, sample volumes must be a
minimum of 5 mL. Sample volumes will vary as the eﬄuent transitions from
100% brine at the beginning of CO2 flooding, to nearly all CO2 at the end of
the experiment. To guarantee a minimum of 5 mL of sample, 5 mL of diluent
is introduced on the worst case assumption of all the sample being CO2 and
flashing off. Tracers are included in the brine and the diluent so that the
relative amounts of each are known. By measuring the weight of the sample
cylinder again after adding diluent the precise amount of diluent is known.
While some liquid will be lost to the sampling container walls the relative
concentrations will stay the same. Test tubes for transferring samples to the
ICP are discussed in the ICP section.
2.9.10 Dead Volume
The spaces between the control panel bypass and the entrance of the core and
the exit of the core and the 3-way valve leading into the sampling system must
be filled with pressurized brine at the start of the experiment and will need
to be collected and then subtracted off when making saturation calculations.
The dead volume is measured empirically by taking advantage of the high
pressure sampling system. CO2 is used to push brine in the dead volume
into a sampling container, the CO2 is vented, and then the mass of brine is
taken from the sampling container mass minus the tare mass.
Any dead volume mass measurement must be made without the compli-
cating factor of a core. The simplest method found was to install a length
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of 1/8” tubing bypassing the core connecting to the union crosses that are
immediately before and after the core. This length of tubing was cut to be
exactly the same length as the measured distance between the union crosses.
The volume corresponding to the length of 1/8” tubing that is in place instead
of the core is subtracted off the measured dead volume by multiplying the
known volume per length of the tubing based on the known inner diameter
and brine density.
A similar protocol is followed to fill and pressurize the system as for
saturating the core. The empty sample containers are weighed. With the
bypass tubing installed and leak tested, the entire system is vacuumed. Brine
is then allowed to fill the system up to the needle valve at the eﬄuent vent,
and is pressurized to 100 bars. It was found that the mass of dead volume
changes if the system is at atmospheric pressure or is pressurized to 100 bars
operating pressure. With the system filled with brine, CO2 is used to purge
the system of brine via the control panel bypass, just as would occur before
a CO2 core flood. The air valve on a CO2 pump is opened to pressurize the
system to liquid CO2 pressure, about 57 bars, and then closed. The pressure
of the CO2 is not important as it will be above the pressure of the brine
once they are both allowed to flow into a 40 mL sampling container. The 3-
way valve to the sampling system is turned to allow the pressurized brine to
flow into the first sampling container and reducing the brine pressure. The
3-way valve on the control panel is now turned to allow CO2 to flow into
the system. The pressure should quickly drop then slowly stabilize. Once
the pressure has stabilized the ball valve on the sampling container can be
closed, shutting in the collected brine. The procedure of vacuuming, brine
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filling and pressurization, and CO2 to push the dead volume brine into a
sampling container is repeated at least two more times to provide an average
dead volume and a measure of the error in the measurement. The CO2 is
then vented using the same protocol as after a CO2 core flood. The dead
volume brine mass is taken as the mass of the sampling containers post-vent
minus the tare mass of the empty sampling containers.
During each experiment the first sampling cylinder collection time is cho-
sen to approximate the dead volume so that the dead volume brine acts
as a control for system geochemistry while minimizing the number of early
samples uncontacted with CO2. Any difference in brine dead volume mass
vs. brine collected in the first sampling container is subtracted/added to the
second sampling container data to ensure the reporting of correct saturation
data.
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2.10 Temperature
All fluids begin in the Isco pumps before passing through the tubing, into the
core holder, and through the temperature-sensitive analytical equipment, be-
fore returning to ambient pressure and temperature conditions. Temperature
is controlled by a recirculating thermal bath and oven, while measurements
are made from thermocouples, as well as temperature sensors internal to the
temperature control equipment.
2.10.1 Temperature Control
Isco Pumps and Lines
Temperature is initially set by a Julabo F32-MC thermal bath recirculat-
ing a water through Isco-supplied temperature jackets around the 260D Isco
pumps containing CO2. A 1:1 ethylene glycol/water mixture should be used
for hydrate experiments or if any bacterial growth is found. It is necessary
to control the temperature in the CO2 pumps to be able to precisely control
the Isco pumps’ volumetric dispense rate of the CO2 because of the thermal
expansion of CO2 (see Isco section above). Ethylene glycol is minimum 99%
from McMaster-Carr while water is tap water and should not be deionized
water according to the manufacturer. The Julabo can operate at tempera-
tures from −35− 200 ◦C with a specified accuracy of ± 0.01 ◦C. Flow lines
and connectors are rated to 80 ◦C. The tubing running over the ceiling is
insulated to reduce temperature changes, but it is expected that some small
amount of heat will be lost or gained, and picked up again during transit
through the oven, or upon contact with the large thermal mass of the core
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holder. The Julabo is connected either manually or through an RS232 cable
connected to the NI DAQ and with control by a LabView VI.
Core Holder Oven
The core holder is placed inside a Tenney TJ30S temperature-controlled
chamber (“oven”) capable of controlling temperature to within 0.3 ◦C across
a wide range of temperatures (-40–200 ◦C). The 30 ft3 of space is ample room
to fit the core holder and related analytical equipment. Previous users of the
Tenny oven have found that it has a temperature gradient near the walls
and so all equipment should be placed at least a couple inches away from
the walls. Control is through a Watlow controller, either manually or over
an RS232 cable connected to the NI DAQ for control by a LabView VI.
2.10.2 Temperature Measurement
Temperature is monitored in a number of places throughout the system by
a combination of thermocouples and sensors built into other pieces of equip-
ment. Pt100 RTDs are built into the Julabo bath, Tenney oven, and HBM
P3TCP pressure transducers so that temperature is already being monitored
at fluid origin, the air temperature around the core holder, and immediately
before and after the core. A thermocouple (Omega) accurate to 1 ◦C is used
to monitor temperature in the fluorinert annular jacket surrounding the core.
The thermocouple is type T, internally shielded, and connected through a
SC1300 thermocouple signal conditioning box plugged into an SC1102C sig-
nal conditioning amplifier in one of the SXSI slots that is in turn connected
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via a SCB-68 cable to a multifunctional DAQ card. Software control is
through NI MAX software or LabView.
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Figure 2.12: Julabo temperature bath
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Figure 2.13: Temperature control chamber
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2.11 Computer Control & Data Acquisition
2.11.1 Hardware
A National Instruments computer is used for control and data acquisition.
Hardware is setup using National Instruments’ Measurement and Acquisition
Explorer (MAX). The computer hardware details are:
• PXI 1050 - PXI/SCXI combination chassis with 8 PXI slots and 4 SCXI
slots
• PXI 8234 - Ethernet
• PXI GPIB
• Two PXI 8430 RS 232/4 for 8 RS 232 ports total, with RJ 50 to RS
232 converter cables (dongles)
• PXI 6281 M Series Multifunctional DAQ
• SCXI-1102C with an SCXI-1300 connected via SC68 to the PXI 6281
• Two SCXI-1127 - Multiplexing switches
The SCXI-1102C was found to be out of calibration and sent to NI for cal-
ibration in 10/09. The two 1127 cards were bought in the same 2001 order
and may have similar problems, though calibration shouldn’t be relevant





Port 1- ER3000 back pressure regulator electronic control
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Port 2- Watlow controller on Tenney oven
Port 3- controllers for Isco pumps
Port 4- Julabo temperature bath
Port 5- HPLC pump (not used)
Port 6- open
Port 7- Quizix pumps
Port 8- open
Figure 2.14: Electronics. Top: NI DAQ. Middle: Wayne Kerr precision
impedance analyzer. Bottom: HBM (pressure transducers).
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2.11.2 LabView Control Software
All the electronic lab equipment is controlled and monitored using National
Instrument LabView control software including all the pumps, the back pres-
sure regulator, HBM pressure transducers, oven, Julabo temperature bath,
thermocouples, and Wayne-Kerr impedance analyzer. A custom VI was writ-
ten to control the experiment including running all equipment, storing all
data, and analyzing the data in real time. Documentation is contained in-
side the LabView VI.
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Figure 2.15: LabView screen shot
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Analytical Equipment
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2.12 Pressure & Permeability
Very accurate pressure transducers with appropriate signal conditioning elec-
tronics are used to measure pressure throughout the system, and in particular
immediately before and after the core. All equipment is made by HBM.
2.12.1 Data Acquisition
Data Acquisition Computer
An HBM MGC+ is used to read the voltage signals from the pressure trans-
ducers (see Figure 2.15). The hardware settings and signal processing settings
are set up using HBM’s Catman or MGC Assistant software running on the
NI DAQ. A LabView VI is used to read the data from the MGC+ over an
ethernet connection. Detailed technical information for all HBM parts is
available in their extensive manuals. Data accuracy is 18 bit and all elec-
tronics are 6 wire plus ground or 4 wire in the case of the RTDs built into
the P3TCPs.
Signal Processing Cards
Pressure is read from the transducers via cables plugged into AP01i back
cards connected to ML55BS6 signal conditioning cards, while the RTD ca-
bles for the P3TCPs plug into AP01i back cards connected to ML35 signal
conditioning cards. A Bessel 1.25Hz filter is used with autocalibration en-
abled to correct for amplifier drift.
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2.12.2 Transducers
Transducers
All transducers are strain gauges with full Wheatstone bridges. There are
seven P6A 200 bar transducers (accuracy: 0.2% of full scale) - one for each
set of Isco pumps (CO2, water, fluorinert jacket), one to measure pressure at
the breadboard before the oven, one each immediately before and after the
core, and one immediately before the back pressure regulator. There are two
10 bar P3 top class (P3TCP) pressure transducers (accuracy: 0.1% of full
scale) co-located with the 200 bar transducers immediately before and after
the core, and are used for measuring pressure for permeability measurements
at low pressure for initial water permeability. The P3TCPs have a ball valve
and needle valve that are closed during high pressure operation (see Figure
2.18). The P3TCPs each include a built in RTD to measure the temperature
at the strain gauge to correct for temperature effects. Temperature correction
could be made with the cubic coefficients provided by the manufacturer based
on the calibration done at the factory, however, because we perform our own
pressure calibration (see below) the factory temperature calibration cannot
be used. Finally, a 5 bar P3MBA pressure transducer (accuracy: 0.1% of
full scale) is used to measure pressure in the vacuum line. The pressure
transducers have metric threads and custom adapters have been previously
machined. The adapter and transducer body contain a small dead volume
that will trap fluid. We wish to avoid buoyancy induced instabilities at these
dead ends that might lead to, e.g., a bubble of CO2 bridging the line and
causing an error in the pressure measurement. All pressure transducers that
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are expected to see both water and CO2 are, therefore, oriented so that they
are below the line of interest so that the denser water that will be introduced
first will be stable in this dead end. Where possible transducers are mounted
vertically below the line (see Figure 2.17). Immediately before and after the
core the transducers are mounted at a downward pitching angle (see Figure
2.18).
For finer vacuum pressure measurements an MKS Instruments Series 345
Pirani gauge vacuum transducer connected to a Series 945 controller can be
attached at the same location on the vacuum line as the 5 bar transducer.
The Pirani gauge cannot handle pressures greater than 1 bar or any liquid
water. Therefore, it must be valved off from the system during helium leak
testing, as well as any time a vacuum may pull liquid water, e.g., if trace water
may be pulled form a line or the core. It has been found that trace water
from the system has caused problems multiple times and it is recommended
that the Pirani gauge not be used. Furthermore, there is invariably some
residual air or water adsorb to any core and so it has always been found
that the finer vacuum pressure reading of the Pirani gauge has always been
unnecessary.
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Figure 2.16: Transducers on back of control panel
Figure 2.17: P6A 200 bar (near) and P3TCP (far) transducers imme-
diately above core. Configuration shown here is for flooding from above,
i.e., in this configuration these are transducers at the inlet to the core.
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Cables and Connectors
All cables terminate in the Lemosa connectors particular to the HBM pres-
sure transducers on the transducer end and a DB-15 on the other end.
Custom-built seven wire extension cords with DB-15 connectors are used
to connect the two pressure transducers reading the pressure immediately
after the water and CO2 Isco pumps. The P3TCP transducers have special
cables supplied by HBM with two DB-15 connectors to plug into both the
pressure and temperature amplifier channels. Calibration is performed on
a fixed chain of signal amplifying card/cable/transducer and so a given set
must not be recalibrated if changed. Each card, cable, and transducer is
therefore labeled with color coded and numbered tape.
Calibration
All pressure transducers were calibrated using a LabView VI to calculate the
least squares fit to a series of about 20 voltage measurements while pressure
was varied from vacuum up to about 90% of the rated transducer pressure
rating and back down again. The 200 bar transducers were calibrated us-
ing a Sahara vacuum pump and the DH Instruments PG7000-AMH dead
weight calibrator (5 ppm accuracy) in SDR’s high pressure metrology lab
with Vembu’s assistance, while the 5 and 10 bar transducers were calibrated
using a Druck DPI 605 (0.025% accuracy). The calibrations are on the fol-
lowing pages.
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Figure 2.18: 200 bar pressure transducer calibration
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Figure 2.19: 10 bar pressure transducer calibration
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Figure 2.20: 5 bar pressure transducer calibration
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2.12.3 Permeability
Darcy’s Law







where Q is volumetric flow rate, k is permeability, A is area, µ is viscosity,
∆P is the pressure drop across the core, and L is the length of the core.
Before loading a core its length and diameter are measured with calipers
at several locations and rotational orientations and averaging the measured
values. Area is then calculated from the diameter. Viscosity is based on
data from NIST webbook (webbook.nist.gov). For CO2, curves are fit to the
gas phase and liquid phase data at a fixed temperature, providing viscosity
as a function of pressure. Flow rate is fixed by running the pumps under
constant flow rate mode. The pressure drop across the core is measured with
high accuracy pressure transducers as discussed above.
Permeability is an intrinsic property of a porous sediment, rock, or forma-
tion and is measured at the beginning of each experiment. It can vary weakly
with pore pressure, effective stress on the core - equivalent here to the radial
jacketing pressure, and fluid choice, e.g., gas vs. liquid. Brine permeability
measurements are, therefore, made at low pressure for high accuracy with
the same effective stress as the multiphase flood, then again at high pressure
to ensure pore pressure matching. Finally, CO2 permeability measurements
have been made in some cases for comparison. In all cases it has been found
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that permeability was identical within experimental variation.








where relative permeability for each phase, kri, varies between 0% and 100%.
Alternately, kkr is sometimes reported as an effective permeability. Relative
permeability measurements are made according to a technique created by
Rama in Ramakrishnan and Cappiello (1991). The technique is steady state
based on injecting one phase (CO2) at ever increasing constant flow rates
across a core so that capillary and viscous (Darcy) pressure drops are matched
throughout the core. Instead of fitting to Equation 2.2, relative permeability








i.e., the slope of flow rate vs pressure drop is taken to be the relative perme-
ability.
Permeability Measurements
Low Pressure Permeability Measurements At the beginning of the
experiment water permeability is measured at low pressure using 10 bar
P3TCP transducers. After exiting the core and passing the pressure trans-
ducers, water immediately exits the core, bypassing all downstream equip-
ment, and going directly to a waste container at atmospheric pressure. This
bypass is done because pressure regulation at the exit is not necessary and
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so it is better to avoid the pressure drop from the tubing and other pieces of
equipment.
High Pressure Permeability Measurements High pressure permeabil-
ity measurements are made because pore pressure is known in the literature
to sometimes affect measured permeability. High pressure permeability is
measured using 200 bar P6A transducers.
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2.13 Impedance
Impedance across the core is measured to determine the average core satura-
tion as nonconductive CO2 displaces highly conductive salt water. Impedance
is also of interest for downhole monitoring of CO2 plume migration. An
impedance analyzer is connected to electrodes built into the core holder to
create a four wire measurement across the core. A four wire alternating cur-
rent measurement is used to avoid measurement errors including DC offsets,
stray electromagnetic signals in the room, and wire resistances.
2.13.1 Core Holder
The core holder is a four electrode Temco ECH series Hassler type and has
electrodes built into the rubber sleeve and the end caps. Linear pressure
is placed on the distribution terminals by tightening the larger threaded
metal end caps to ensure good contact between the metal amperage targets
and the ends of the rock core. The original distribution terminals are solid
silver and create a short circuit through the conductive core holder. New
terminals with only plastic parts to provide electrical isolation were designed
by Roman Kats and machined locally, but were not available in time for any
of the experiments thus far. Wires are soldered between the electrodes on
the rubber sleeve and pins that pass through the core holder, and are used
for voltage measurement. The pins are available from Temco should they
break. Fluorinert is chosen as the jacketing fluid because it is nonconductive
and so will not affect the measurement.
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2.13.2 Impedance Analyzer
A Wayne Kerr 6520B precision impedance analyzer (“Wayne Kerr”) is used
to make impedance measurements. The Wayne Kerr is precision calibrated
by the manufacturer and should not be opened as this will void the calibra-
tion. If recalibration is necessary, Wayne Kerr has been able to send someone
to pick up the box in person to take it to their facility in suburban Boston. A
Wayne Kerr 1505 four terminal lead, four wire cable, with a four wire exten-
sion cable special ordered from Wayne Kerr, is used to connect the terminals
on the impedance analyzer box to the core holder terminal connections. The
Wayne Kerr is connected to the NI DAQ by a GPIB cable and is controlled
with a special magnetic pen via a front panel, or a LabView VI.
2.13.3 Impedance & Phase Angle
Impedance, Z, and phase angle, φ, are measured for a wide variety of fre-
quencies and voltage to build a database of measurements. Voltage drive
is spaced geometrically at 100, 200, 400, and 800 mV. Frequency is spaced
geometrically at 200, 500, 1k, 2k, 5k, and 10 khz. The full set of measure-
ments takes about 30 seconds to complete. Accuracy varies with impedance
and frequency, with the majority of the measurements having an accuracy of
0.05% or 0.1%, and accuracy decreasing geometrically as impedance increases
from 1 MΩ up to 100 MΩ.
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2.14 Inductively Coupled Plasma Spectroscopy
Inductively coupled plasma spectroscopy (ICP spectroscopy) is based on ex-
citing the molecules in an aerosolized liquid sample via a radio frequency
magnetic coil to create a plasma. While the plasma is electrically neutral, the
high energy (5,000-6,000 K) causes all bonds to break, shattering molecules
into constituent elements. Electrons enter into high energy states and be-
gin shedding energy by emitting photons quantized according to the energy
gap between electron states. Therefore, each element emits light at a variety
of wavelengths with a characteristic strength of emission at each emission
wavelength. An optics bench parses the light with a high precision refrac-
tion grating, such that the number of photons at a particular wavelength is
translated into a voltage at a particular location on a CCD chip. Because
the technique translates photon energy to CCD voltage, there is a minimum
energy for the signal to be detected above background voltage noise and a
maximum energy at which CCD voltage becomes saturated. Therefore, a
given emission line has a range of useful values, typically on the order of 106.
ICP spectroscopy has the particular advantage that this range is over many
decades and, furthermore, for the selected ICP, multiple wavelengths for a
given element, as well as multiple elements, can be analyzed simultaneously.
ICP spectroscopy can, therefore, analyze concentrations varying from parts
per billion to percents in the same sample. Quantitative ICP spectroscopy
is based on comparison with reference standards with known concentrations
of the element of interest. It is, therefore, only as good as the referencing
method chosen and lab technique of the analyst.
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Matrix Effects
A great deal of absorption and reemission of photons occurs within the
sample and so the general composition of the fluid, termed the “matrix” in
the jargon of the field, affects the measured response. To ensure all species
are kept in solution, ICP measurements are typically made in matrices that
are strongly acidic such as 2% or 5% nitric acid. The reference standards
should, therefore, be in a similar matrix. The reverse is true as well, reference
standards are typically acidic to ensure stability and hence samples are acid-
ified to provide a matching matrix. More dramatic matrix effects are caused
by the high salinities of the brines used in these core flooding experiments
and a method that incorporates this must be used.
2.14.1 Horiba Jobin Yvon Activa M
The Horiba Jobin Yvon Activa M ICP was chosen for its ability to detect
multiple elements in one pass, as well as software allowing for automation
and ease of use for a non-expert. With appropriate modifications this model
is capable of handling total dissolved solids, such as salts, as high as 30%,
organics including oil, strong acids, and bases. The current configuration
includes modifications to allow for moderate salt levels. For further infor-
mation consult the extensive ICP manuals or contact the manufacturer, who
will send a service technician for any major problem. It has built in error
handling and will shut the plasma off or refuse to ignite the plasma should
there be any internal problem. Similarly, the plasma cannot be turned on if
the door to the torch is opened, and so it should be impossible for an operator
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to do any damage to either the equipment or themselves. The ICP contains
extensive automation software to assist the operator, and, e.g., to statistically
check the validity of reference measurements as well as test measurements.
2.14.2 Genco Recirculating Temperature Bath
The ICP comes with its own proprietary recirculating bath (Genco) to main-
tain ICP temperature at 20 ◦C. The recirculating bath contains a 1:1 mix
of tap water and DI water, and the level must be kept between the levels
marked on the front panel. The power toggle switch is located on the back
right corner and is difficult to access by design. During ICP operation the
Genco must be running, but it can be turned off when the ICP is not op-
erating. If the Genco’s front temperature display reads greater than about
25 ◦C there will be an error and the ICP will automatically detect this and
turn off the plasma.
2.14.3 Gases
The ICP requires argon and nitrogen. Argon is only used during ICP op-
eration, but requires 12 L/minute (at STP) at a pressure between 5–6 bars.
Therefore an argon cylinder (337 ft3) will last about 12 hours of run time.
While running out of argon is not harmful to the ICP, it will cause the torch
to go out, ending analysis. It is, therefore, often helpful to have a backup
cylinder of argon. Nitrogen is used to purge the optics of oxygen to be able
to detect elements emitting at wavelengths of 120-200nm. Of particular con-
cern is chlorine. The ICP needs 6L/minute (STP) of 99.9995% purity house
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nitrogen at at a pressure of 3–4 bars. If the nitrogen supply is shut off for
a significant amount of time it will take about a day to be able to resume
detection at lower wavelengths.
2.14.4 ICP Labware
Labware cleanliness is critical because of the sensitivity of the ICP to trace
contamination. Therefore, an effort has been made to avoid glassware where
possible as Pyrex leaches trace amounts of boron and silicon.
Test Tubes
Test tubes were selected to hold the 5-10mL volume of each sample with
enough extra space to ensure no spillage. Certified metal-free 15mL polypropy-
lene test tubes were purchased from CPI International (cpiinternational.com,
part number 4092-316, lot number 081909). For general labware, certified
metal-free 50mL polypropylene test tubes were also purchased (part number
4092-401, lot no 062309).
Labware for Reference Standards
Aluminum weighing dishes and 5mL polystyrene disposable beakers were
obtained for pouring out ICP standards before pipetting into dilution con-
tainers. Volumetric dilutions of ICP standards are in class A volumetric
flasks with inert PTFE/phenolic resin screw top lids, Kimble Kontes 621600
and 623100 series, with volumes ranging from 5–1000 mL. 15 mL metal-free
test tubes are used for transferring mixed reference standards to the ICP. All
ICP related chemicals are stored in polyethylene for both plastic stability
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and chemical stability.
Cleaning Glassware
ICP glassware cleaning procedure1:
Water. Water with 2-5% microcleaning solution- made for critical cleaning.
Rinse with tap water. DI water wash. Wash with 1:1 nitric acid:DI water
v/v (can reuse, keep in old nitric bottle, can periodically check traces with
ICP), always add acid to water. Rinse at least 3 times with ultrapure water.
Immediately insert stopper to prevent air contamination.
2.14.5 Reference Standards
ICP measurements are only as good as the reference standards. Reference
standards have been obtained from Horiba Jobin Yvon and identical stan-
dards are available from Spex Certiprep. A custom standard was obtained
from Spex to enable matrix matching to the high salt concentrations used in
core flooding. All standards include a certificate showing the method of syn-
thesis, trace impurities, and other relevant data. Reference standards were
obtained for a large set of elements and should cover most of the transition
metals of interest. Certainly all major cations and other elements that are
commonly found in geologic materials are available. Several standards are
available with useful mixtures, often at higher concentrations. For the high-
est precision, referencing should be done one element at a time. For the most
efficient use of time, referencing can be done by mixing several standards to-
gether. In general referencing is typically done at three or four points. The
1personal communication with Bill Zuccarello, Horiba Jobin Yvon, 4/8/09
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first is always a zero-concentration matched to the acid matrix, typically a
2 or 5% nitric acid/ultrapure water mix. The other points are a high and a
low concentration, and an optional medium concentration, with concentra-
tions typically varying by a factor of 10–100 between reference points. As an
example, to test a sample believed to be at a concentration around 5 ppm,
reference standards could be made at 0, 1, and 10 ppm, always keeping the
measured concentration inside the highest and lowest referencing concentra-
tions.
2.14.6 ICP Maintenance
At the end of the day a quick cleaning should be performed by running the
ICP with 5% nitric acid (low pH for low pH solutions). To prolong its useful
life, Tygon tubing should always be released from the rollers so that tension
is released.
Every 50 hours of run time a full cleaning should be performed. This is a
good time to consider changing the Tygon tubing which should be replaced
periodically as it will flatten out and cease working properly. Disassemble
the torch assembly and soak the glass and ceramic parts with 5% nitric acid
overnight. Make sure none of the metal parts, Teflon, or the o-rings contact
the nitric acid. The sheath device can have the glass part rinsed with 5%
nitric acid but the metal part contains copper and will corrode. Most of
the reassembly is self-evident with each major piece sitting snugly. Make
sure not to push too hard on the fragile glass tubes. Behind the torch is a
pin which the upper level of the torch sits on to fix the height of the torch
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assembly. The torch assembly sits so that the inner glass tube should be a
couple mm lower than the bottom coil. The igniter (pink cable w/translucent
cover snaking out from behind/right of the torch) plugs in to the top port,
with the “plasma” argon tubing plugging into it. Rotational orientation of
the torch pieces donO˜t particularly matter. Once reassembly is complete,
close the torch door and start the ICP. After it comes online and stabilizes
yttrium standard is used to fix the nebulizer pressure. The nebulizer pressure
(NEB knob on the right side of the ICP) should be turned until the yellow
“bullet” of the yttrium flame is visible a couple mm above the top coil.
Other problems can be troubleshooted by calling the manufacturer or one
of their technicians. Major problems will require a service visit from one of
their technicians.
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Chapter 3
Operations
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Organization
The operations section is divided into three parts: preparation steps be-
fore the experiment, core flooding, and the post-experiment analysis. Before
the experiment chemicals need to be prepared, loaded, the entire system
evacuated, and the radial jacket filled and pressurized. Each experiment in-
cludes low and high pressure brine permeability measurements, followed by
CO2 flooding for measuring relative permeability and geochemistry effects
via eﬄuent sampling. Post experiment analysis includes calculating relative
permeability, saturation, and ICP analysis.
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3.1 Experiment in Brief
Before each experiment:
Load a new core, close the core holder, reconnect all lines.
Deaerate and load brine. Check if a new CO2 bottle is needed.
Load a nitrogen jacket, then displace it with fluorinert.
Vacuum the system and core overnight.
Turn the oven on overnight.
Weigh the sampling containers and prepare the sampling system.
Fill the system and saturate the core with brine.
Sample brine from before and after the core.
Experiment:
Brine permeability at 1/36 bar, 1/135, 100/135 pore/jacketing pressure.
CO2 relative permeability with sampling at intervals. Increase flow when
pressure stabilizes.
Finish relative permeability experiments in 3–4 hours to minimize brine evap-
oration into the CO2 phase.
Post-experiment:
Depressurize slowly.
Weigh sampling containers at high pressure. Release pressure by venting
CO2 from all sampling containers. Weigh sampling containers at atmospheric
pressure. Calculate core saturation.
Remove liquid from the sampling containers, nitric flush the containers, di-
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lute samples with nitric acid diluent.
ICP calibration and testing.
Disassembly and Reassembly:
Drain the fluorinert using nitrogen to push.
Disassemble the core holder, remove the core.
Optional: core analysis. Optical/SEM imaging of thin sections from the core.
Bulk and grain density, porosity, air permeability, mineralogy.
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Preparations
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3.2 Preparing Chemicals & Cores
3.2.1 Gases
Gas cylinders are from American Gas Products. Argon is grade 5.0 (99.999%
purity) and initially holds about 2500 psi pressure and should be replaced
when below perhaps 200 psi. CO2 is bone dry grade 2.8 (99.8% purity with
max 10ppm water) with a syphon for pulling liquid CO2 from the bottom
of the cylinder. Since most of the impurities are gasses at the top of the
headspace, this purity should suffice. The CO2 tank will not change pressure
until all the liquid is gone and so an additional tank can be held in reserve.
Helium is in lab A131 and purity is not an issue.
Pressure settings for regulators are as follows:
Ar to ICP: 80 psig
N2 to ICP: 45–60 psig
N2 for regulator air dome, Isco valves, and pressure jacket: 105 psig
He for leak testing: 15–20 psig
CO2: open the regulator all the way so that pressure is set by the liquid CO2
and press refill on both CO2 Isco pumps to fill. Pressure is about 57 bars.
3.2.2 Procedures for Stock Solutions
Materials:
Water is always 18.2 MΩ-cm ultrapure water from the Millipore Synergy in
Lab A132. Nitric acid and salts are chosen for high purity and purchased in
moderate quantities (2.5 L nitric acid, 500 g NaCl, 100 g LiCl) to limit the
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effect of any possible contamination. Chemicals are never to be returned to
their container and excess must be disposed of appropriately. All concentra-
tions are based on mass/volume with water density taken to be 1.0 g/mL
because the discrepancy from true density is less than errors introduced by,
e.g., the deaerator, and is incorporated by the ICP measurement protocol
anyway. All masses greater than 320 g (∼ 320 mL liquid) are weighed on the
Mettler Toledo XS12001M in lab A131, while all smaller masses are weighed
on the Sartorius CP324S in lab A153.
Storage:
Stock solutions is stored in a polypropylene carboy (Nalgene from ColeParmer).
Salt concentrations in all solutions are sufficiently low to avoid precipitation
and diffusion will maintain uniformity so solutions should not be shaken to
remix. Solutions are always made to ∼9/10th carboy volume to maximize
the number of experiments a given stock can be used, while not filling to the
top to avoid any chance of salt contacting the cap.
Samples:
A sample of each stock solution is saved as a backup for potential future re-
analysis. A small sample of ∼ 100 mL should be placed in a 250 mL amber
HDPE bottle, labeled with contents, and stored in an appropriate out of the
way location.
Testing:
All stock solutions are tested with the ICP for concentration of the primary
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constituents/tracers as well as any impurities. Multiple 5–10 mL samples of
each solution are tested. The ICP results will vary within some small range
that is then used to calculate the error in the experimental analysis and
should be as small as possible.
3.2.3 Brine
Brine: 50,000ppm m/v NaCl brine with 50ppm m/v LiCl tracer
The experiment requires water with a significant loading of salt to replicate
the effect of the salts present in the brines in sub-oceanic (35,000ppm) or
terrestrial geologic (50,000-200,000ppm) sediments/rocks. 50,000ppm NaCl
has been chosen as being relevant to sub-oceanic and terrestrial sediments,
while later experiments can be done at higher salt concentrations or more
complex salt compositions. One of the questions being tested is the salting
out effect, i.e. will salts precipitate as residual water evaporates into liquid
or supercritical carbon dioxide, and, if so, how does this affect permeability.
A LiCl tracer is included at a known ratio to the NaCl salt, tested by ICP.
Any variation in the ratio of Na:Li can then be attributed to precipitation
in the rock core. LiCl has been chosen as the tracer because it will behave
similarly to NaCl in both chemistry and transport. The LiCl is present
at a very low concentration to avoid precipitation, but at a high enough
concentration to ensure detection of the lithium by the ICP. LiCl was chosen
after consideration of NaBr (safety concerns, though still a possibility), NaI
(I2 instability at low pH), CsCl (poor detection of Cs by ICP), and RbCl (Rb
is too close in size to K leading to the possibility of trapping in K minerals).
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Materials:
Water, ultrapure
Sodium chloride, 99.0% ACS purity, Fisher Scientific, goal: 50,000ppm m/v
Lithium chloride, Certified, Fisher Scientific, goal: 50 ppm (∼8.2ppm Li)
Method:
First, create a NaCl brine. The salt water will need to be filtered while it is
being added into the carboy so it will need to be made in 5 pourable 1.8 L
batches in a large glass beaker. Fill a 2 L beaker with ∼ 1.8 L of ultrapure
water measured by mass (1.8 kg) (record mass of water). Weigh out 90 g
NaCl (record mass). Add to the ultrapure water and mix with a stir bar and
stir plate. Cardboard and other large solid impurities have been found in the
salts in the past and, therefore, the solution must be filtered. Place a large
(1-2 L) funnel with a filter (available from Lab A131) on a 10 L carboy. Pour
the brine through the filter into the carboy. Repeat 4 more times to produce
a total of 9 L of brine. Set aside a sample of 100 mL of the NaCl solution
for backup storage and testing so that there will now be 8,900 mL of brine.
Next, create a LiCl brine. Half of the LiCl brine will be going into storage
and half into the actual brine stock. Place ∼200 mL ultrapure water into a
medium sized beaker (200 g) (record mass). Weigh out 900 mg LiCl (record
mass). Add to the ultrapure water and mix with a stir bar and stir plate.
Set aside a sample of 100 mL of the LiCl solution for backup storage and
testing. Record mass of remaining brine.
Add the remaining 100 mL of LiCl brine to the NaCl brine. Set aside a
sample of 100 mL of the combined NaCl+LiCl brine for backup storage and
testing. The result is a brine stock solution consisting of 9 liters of water
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with 50,000ppm NaCl, and a 50ppm LiCl tracer, i.e. 9000 g water, 450 g
NaCl, .45 g LiCl. Evaporation during deaeration will inevitably increase
brine salt concentration. Contact with the brine Isco barrels may alter the
composition of the fluid. Therefore, all geochemical measurements are made
relative to brine sampled from the bypass line immediately before entering
the core. Therefore, in general salt concentrations need not be as precise as,
e.g., when making fundamental chemistry measurements.
3.2.4 Nitric Acid & Nitric Acid Diluent
Dilute nitric acid: 2% v/v, 5% v/v, 2% v/v nitric acid doped with yttrium
tracer
2% and 5% nitric acid is used for various ICP reference standard operations
and so larger 1 L batches are made for routine use. A 2% nitric acid spiked
with a yttrium tracer is used for all sample dilutions and sample washing.
When CO2 in the pressures is vented, the pressure will drop from ∼100
bars to atmospheric pressure casuing the partial pressure of aqueous CO2 to
drop. The pH will rise from ∼3-4 to around 7, creating the possibility for
dissolved species to precipitate. Therefore, a 2% nitric acid wash is added to
sample containers and used for all dilutions to keep the pH below the initial
carbonic acid-buffered pH. A ytrrium tracer is included to be able to quantify
the amount of dilution by ICP.
The amount of dilution is very important as this will affect the calculation
of all ICP results which are used for precipitation and dissolution measure-
ments. Yttrium is detected very well by the ICP at concentrations of 500ppb
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to 5000 ppm at 371.029 µm (377 µm is another option) and is therefore used
to calibrate the ICP. It is therefore a good dilution tracer. Dilution will vary
with time as CO2 replaces water in the eﬄuent and offgasses when the pres-
sure is lowered to atmospheric. Under the advice of the ICP manufacturerO˜s
technician1 a concentration of 2ppm of yttrium has been used.
Materials:
Water, ultrapure
Trace metal grade nitric acid (FisherSci A509SK212), 15.8M, 67-70% nitric
acid by weight, typical metals concentration- 0.1-1ppb
Yttrium ICP reference standard, 1 g/L in 2% nitric acid, 100mL, Horiba
Precis, goal: 2ppm (2mg/L)
Method:
Fill the 1000 mL class A volumetric flask about 90% with ultrapure water.
Add the small amount of nitric acid, either 20 or 50 mL for either 2% or 5%
concentration. The precise concentration of nitric acid is not dramatically
important and the nitric acid can be dispensed from a 10 mL pipette, a glass
volumetric graduated beaker, or even a 50 mL polypropylene metal free test
tube. Nitric acid should always be handled in the fume hood with the sash
pulled down. The reaction is highly exothermic and the volumetric flask may
need to be allowed to cool. Ultrapure water is then added by squeeze bottle
to raise the liquid meniscus level to the appropriate level. If ytrrium is to
be added the 20 mL (1:500 dilution for 2ppm from 1000ppm) of reference
1personal communication with Bill Zuccarello, Horiba Jobin Yvon, 3/27/09
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standard should be added after the nitric acid has been added.
Testing:
The yttrium dilution tracer concentration is very important. A large set of
samples is therefore tested by ICP to develop reliable statistics and error
bars.
3.2.5 Cores
Ceramic and sandstone cores have been drilled and surfaced by the petro-
physics department. Cores are nominally drilled slightly oversized (1.501”)
to ensure a very tight fit. Cores are always handled with gloves to prevent
local contamination from skin oils. Length and diameter are measured before
each experiment using calipers. The average is taken of many measurements
from multiple locations and core orientations, though variations are generally
very small. All cores are dried in a vacuum oven overnight at 70 ◦C.
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3.3 Core Holder Assembly
Core holder assembly is straight forward (insert end cap, twist) except for
getting the rubber sleeve onto the end caps and getting cores and impedance
terminals in and out.
3.3.1 Rubber Sleeve
Core holder reassembly requires the use of a 1.5” Teflon alignment rod, to
be found in storage. With the core holder fully disassembled, the Teflon rod
is used to slightly expand one end of the rubber core sleeve by rotating it at
an angle to the rubber sleeve. After some time the end will be sufficiently
temporarily deformed to fit over a disassembled metal end piece. Leaving
the first end of the sleeve on one of the end caps, repeat for the second end
until the sleeve rests on both end caps. With the rubber sleeve resting on the
end caps, the impedance terminal clips are fitted to the impedance terminals
from inside the core holder so that the pre-soldered wires now lead into the
core holder and are connected.
Now the core holder is to be assembled. With everything else in the
assembly now complete, the sleeve is taken off the end caps and left resting
in the core holder. One end cap is threaded in until it rests in the core holder
without being supported. The Teflon rod is passed through it and used to
guide the rubber sleeve and align it with the metal end cap. The rubber
sleeve end should slip over the end cap if it is still sufficiently expanded. If
not, leave it pushed up at the edge of the end cap on the Teflon rod. Use
the thin wooden rod, to be found in storage, to align the second end cap
APPENDIX D. OPERATING MANUAL 217
with the rubber sleeve. Insert the second end cap on the other side until the
threads can support its weight. If both end caps are only barely threaded
in this manner, the rubber sleeve should not yet buckle between them. If
both ends are now aligned, each end cap is slowly turned so that each rubber
end is allowed to slowly expand over the metal end caps. If the sleeve comes
unaligned or buckles, simply unthread the end caps some amount, reposition
the aligning dowels and try again. If the end caps are tightened too far, the
rubber sleeve may bend in an arc. Simply unthread some distance and use
the Teflon rod to realign the sleeve. When assembled correctly, the rubber
sleeve should appear straight to the eye.
3.3.2 Core & Distribution Plugs
With the rubber sleeve correctly installed, the core is installed next. Always
wear rubber gloves when handling cores to prevent contamination. Inserting
a core can sometimes be as easy as pushing it in, but since the cores are
drilled to be slightly oversized it is more normal to require some work. With
the core sleeve and first set of end caps installed, a slight vacuum is applied to
the annular region. One line must be connected from the control panel, while
the other ports should be capped off to allow for a vacuum. With the core
holder now connected to the control panel, the valve leading to the vacuum
system is opened in increments of only a few seconds so that pressure drops
in increments of about 0.2-0.3 bars. It is important that a strong vacuum
not be pulled as this could irreparably deform the rubber sleeve. At some
moderate vacuum, typically 0.4-0.7 bars, the core should slide in fairly easily,
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with the Teflon rod used to push it in place. The core is centered by placing
the Teflon rod so that it is pushed against the core and sticking out one side,
with the wooden rod placed identically on the other side, and aligning pieces
of tape on each rod so that they are at matching distances from the core
holder exit. Distribution plugs are now fed into the rubber sleeves, followed
by aluminum spacers to make up the difference in length between the core
holder and the core and end plates. The impedance wires should be threaded
through the spacers and end plates. With the core, distribution plugs, and
spacers in place, the annular space can be returned to atmospheric pressure.
Finally, the smaller core holder end plates are inserted by threading until
each cannot advance any further. A small transparent ruler is then used on
each side to ensure the core is centered in the core holder by adjusting the
threading on the end caps. Centering is particularly important to measure
impedance at the center of the core and not, e.g., at the edge of the core.
3.3.3 System Connection
The core holder should now be fully sealed and assembled. The core holder
stand is now placed on one end of the core holder with the core holder
remaining nearly horizontal. The tubing will need to be bent through one
of the slots in the core holder stand. The wire for the impedance terminal
can go through the same slot in the core holder stand. Use the edge of the
core holder stand as a fulcrum and slowly and carefully tip the core holder
vertically. Be careful not to grab the core holder in such a way as to damage
the impedance terminal clips. The core holder should be placed in the center
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of the oven and reconnected to the system including tubing in and out of the
core, radial jacketing lines in and out, and thermocouple. The core holder
should now be fully assembled and connected to the system.
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3.4 Sampling System Preparation
The sampling system must be prepared correctly before each experiment. All
sampling containers should be empty, or at least contain only the trace nitric
acid wash from previous experiments. All sampling container masses are
recorded before each experiment. The sampling containers are then attached
to the sampling manifold via the quick connects. All ball valves should be
open to allow flow into the sampling containers. All 3 way valves should be
pointed down to their respective sampling containers so that flow is set to
enter the first sampling container at the start of the experiment, with flow
into subsequent containers by turning the 3-way valve above containers as it
becomes time to shift flow to the next container. I.e., when flow to sampling
container 1 needs to end, the 3-way valve above sampling container 1 should
simply have to be turned so that it is facing up and then flow will be able
to go into sampling container 2. The sample system is now ready for the
experiment.
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3.5 Deaeration
The small amount of air that is soluble in water causes significant noise dur-
ing the experiment with, e.g., bubbles of air getting stuck between a pressure
transducer and the flow line having caused problems in the past. Further-
more, the compressibility of the small amount of air significantly increases
the compressibility of water, and so the response time to step changes in flow
rate during permeability experiments is dramatically slowed by the presence
of air. It is, therefore, necessary to deaerate brine as it is being loaded into
the experiment.
First, the brine pumps and vacuum-rated Tygon plastic tubing leading
from the deaerator to the brine pumps must be evacuated of any air, or must
already be filled with brine from a previous experiment. Evacuation is by
valving the brine pumps off from the core flooding system and opening the
valves to the deaerator, running the pumps until they are empty. A vacuum
is then pulled on the pumps through the deaerator, and pressure monitored
with the brine Isco HBM pressure transducer. This is a good time to zero
the internal Isco pressure transducers. Once the brine pumps are at vacuum,
all valves leading from the deaerator are closed. Brine can then be loaded
into the deaerator.
Brine is poured from the 10 L storage bottle into a large plastic container
to avoid contaminating the brine stock. A Teflon beaker has been used thus
far, but any clean plastic container that has been washed with DI water
will work. ICP testing has shown that the plastic tubing and the deaerator
already have unavoidable trace contaminations. However, any minor con-
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tamination will show up in all ICP samples and so trace contamination will
not affect the geochemistry experiment. Enough brine must be placed into
the deaerator to cover the plastic rotating piece while operational. This is
typically about half a liter to a liter, though the deaerator seems to operate
best when filled a few inches above the plastic rotating piece. As any brine
left in the deaerator will ultimately be used and should be stable sitting in
the sealed deaerator, it is fine to pour out a little more brine than you expect
to need to fill a brine Isco pump. Only one brine Isco pump needs to be
filled as the one liter capacity should be more than enough to fill the core
and perform brine permeability experiments. However, the decision to fill
one or two pumps is at the operator’s discretion.
First, all lines into the deaerator are closed. The line into the deaerator
is placed into the beaker and the valve opened to allow the brine to be pulled
into the deaerator by the vacuum. The vacuum pump is turned on and the
appropriate valve opened if it isn’t already. Brine will begin to be pulled
into the deaerator. The rotary motor can be turned on once sufficient water
has entered to cover the plastic rotating piece. Once all the brine has been
pulled into the deaerator, the valve on the inlet line is closed. The brine
is left to deaerate for at least 10 minutes. Deaeration is complete when the
meniscus largely disappears and the water seems to jump up from the surface.
If the inlet/outlet valves or any of the fittings are leaking, air bubbles will
pull through and the water will not be properly deaerated. Minor leakage,
with a bubble of air pulling through perhaps once every couple minutes is
acceptable, if not ideal.
With the brine now deaerated, the vacuum pump and rotary motor are
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turned off. The brine will not flow into the Isco pump if the headspace is
under vacuum. Therefore, air must be gently allowed to enter the headspace.
Very slowly crack the valve on the line allowing air to enter the deaerator
from the top. It is important that the valve is turned very slowly only until
it is first possible to hear or see air being pulled in. It can be useful to hold a
finger over the valve when first opening it. If the valve is turned too quickly,
the air will be pulled in quite quickly and the water will be visibly disturbed.
If this happens, simply close the valve and run the vacuum again. If done
properly, air will slowly pressurize the headspace over a few minutes. This
air will diffuse into the top of the water column, but as long as there is some
amount of water remaining after the Isco pump/s is/are filled this shouldn’t
be a problem. With the headspace filled with air, open the valves on the line
leading to the Isco pumps. The tubing should fill entirely with brine with no
visible air or vacuum voids. Run the Isco pump(s) on refill until full. Close
all valves. The brine Isco pump/s is/are now loaded with deaerated brine.
A sample of about 100 mL can be set aside from the leftover brine in the
deaerator for record keeping.
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3.6 Jacketing Instructions
3.6.1 Pressurizing with Nitrogen
With the core holder installed and connected to the system, the next step is
to pressurize the core jacket with fluorinert. First, however, the jacket must
be filled with pressurized nitrogen to create a seal separating the jacket and
the core, thereby preventing any fluorinert from reaching the core.
Close the ball valve leading from the fluorinert Isco pump to the rest
of the system. Turn the 3-way valve at the control panel leading from the
Isco pump to the core jacket and vacuum so that it connects only the Isco
pump and the core jacket. Fully open both needle valves leading to and
from the core jacket. Turn the 3-way valve leading to the nitrogen line and
back pressure regulator so that the nitrogen supply is connected to the core
jacket space. The fluorinert pressure transducer, located on the control panel,
should show the pressure having increased to about 7 bars (100 psi).
Attach a container to the reclaim line coming from the core jacket. Un-
screw the cap a little bit so that nitrogen will be able to escape, but the
container cannot tip over, spilling fluorinert. This will catch any fluorinert
that comes through later, and will also prevent any nitrogen from spraying
fluorinert. Turn the knob on the back pressure regulator so that pressure will
be maintained above the 100 psi of the nitrogen jacket. What is important is
that pressure is only ever allowed to increase as fluorinert is used to displace
the nitrogen. The precise pressure is not important as it will be set to much
higher pressures later and, furthermore, the small back pressure regulator
can only support moderate pressures anyway. With the back pressure regu-
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lator slightly or mostly closed, turn the 3-way valve from the nitrogen jacket
to the back pressure regulator. Some nitrogen may leak out. If so, simply
increase the back pressure regulator setting, reconnect the 3-way valve to the
nitrogen line until pressure stabilizes again around 7 bars, and then turn the
3-way valve to the back pressure regulator which should now keep all the
nitrogen in. Nitrogen should only leave when displaced by fluorinert.
3.6.2 Filling with Fluorinert
The jacket should now be pressurized with nitrogen to ∼100 psi. Keep the
fluorinert Isco pump disconnected from the core jacket and the high pressure
nitrogen for now. Refill the fluorinert Isco with fluorinert. Once full, close
the ball valve on the inlet line. Now the fluorinert will be connected to the
jacket and used to displace the air. This will require many refills of the Isco
pump. The volume of the annulus between the core holder and the core sleeve
is ∼1 L while the Isco 100D has a volume of only ∼100 mL so that ∼10 refills
will be required with several more needed to fully displace nitrogen from the
annular space. Fluorinert is nearly incompressible and so it isn’t necessary
to pre-pressurize the fluorinert before connecting to the system and it isn’t
necessary to depressurize when going to refill.
Open the ball valve on the outlet line to the core jacket. Run the fluo-
rinert Isco pump at the maximum constant flow rate until empty. When the
Isco pump is empty it will stop running on its own but pressure will be main-
tained by the back pressure regulator. Refill the Isco. Close the ball valves
connecting the fluorinert Isco pump to the system. Then open the valve to
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the refill. Select refill on the Isco pump. When the pump is filled, first close
the inlet ball valve. Then reconnect the fluorinert Isco to the system. Con-
tinue pushing fluorinert into the system until it comes out the waste reclaim
instead of nitrogen. Run several more times until all the nitrogen is dissolved
into the fluorinert. The top of the annular space is above the level of the
fluorinert outlet line, and so it will take some time for this nitrogen to come
out with circulated fluorinert. Fluorinert circulation can stop once bubbles
are no longer seen as a stream but instead only show up in the fluorinert
reclaim as short transients as the nitrogen bubbles out of the depressurizing
fluorinert. Periodically the reservoir containing the fluorinert refill on the
Isco pump and the fluorinert waste reclaim will need to be swapped as the
one empties and the other fills. The process of filling and then circulating to
displace all of the nitrogen takes several hours in total.
Once satisfied that the fluorinert has displaced the nitrogen it is no longer
necessary for any fluorinert to leave the system. Therefore, the needle valve
leading from the core jacket to the exit and the back pressure regulator is
closed tightly. The back pressure regulator can be opened in full to allow
all pressure to leave the line, though this is not crucial as fluorinert is in-
compressible and so does not store any appreciable energy. With the needle
valve now closed, the fluorinert can be pressurized by running in constant
pressure mode at the desired pressure. Typically this will be 36 bars at start
up. This higher pressure should be achieved over several stages, with in-
cremental increases in pressure over a minute. However, because fluorinert
is incompressible and the volume is being changed by only a few milliliters,
this is not critical. The fluorinert pump should have a moderate amount
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of fluid, neither too much nor too little, so that when running in constant
pressure mode any variations of a few milliliters will not cause it to reach
top or bottom and cease being able to control pressure.
The fluorinert pressure jacket is now set. If pressure needs to be changed
at any time during the experiment it will be very quick, and as simple as
changing the Isco pump setting.
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3.7 Saturating the Core with Brine
3.7.1 Vacuuming the Core
Before a core can be saturated with brine, air must be removed from both the
core and the lines leading to the core. With the fluorinert section isolated
and the brine and CO2 pumps shut off from the rest of the system, the
system should be at rest with air at atmospheric pressure. A LabView VI
to monitor only pressure is run to monitor pressure overnight. The vacuum
pump is turned on and valves are turned so that the vacuum is pulling on the
various lines inside the control panel, the line leading to the brine and CO2
pumps, the line leading to the CO2 pumps, and finally, the front and back
of the core, including all pressure transducers. The pressure should drop to
a low pressure after a few minutes, nearly stabilizing. If not, valves should
be closed to isolate different sections of tubing and it should be possible to
identify which section has a leak. If there is a leak it can be found with
helium and the helium leak detector. The leak is then fixed and a vacuum is
applied again.
Provided pressure declines as expected, the vacuum should be left pulling
on the core overnight from both sides of the core. The oven should be running
overnight at the temperature of the experiment. In the morning, close all
the valves throughout the system so that as many sections are isolated as
possible. The vacuum is then turned off. Wait a few minutes and see if
any sections increase in pressure. The pressure transducers near the core
should not have a sudden increase in pressure. However, there may be a very
slow increase in pressure as air will continue to desorb from core surfaces. If
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there is a nitrogen rather than a fluorinert jacket this will also cause a slow
pressure increase as gas diffuses through the rubber sleeve into the core. If
any section has a leak, the core should be valved off, the area in question
should be isolated, the leak fixed, the system vacuumed, and then the core,
which is still under vacuum, can be reconnected to the system. The pressure
should now be largely stable throughout the system at a vacuum pressure
somewhat less than 0.1 bar.
3.7.2 Brine Saturation
Next, the core is saturated with brine. The valves to the vacuum system
should be closed to protect that equipment from the high pressure of the
system. Appropriate valves are now turned to connect the brine Isco pumps
to the front and back of the core. The 3-way valve from the brine and
CO2 pumps should be turned to connect both the front of the core and the
vacuum/He. The 3-way valve to the front of the core should be turned to
connect the brine/CO2 pumps to the front of the core. The 3-way valve
to the back of the core should be turned toward the vacuum pump/He.
This configuration allows the brine to flow through the control panel lines
originally intended for vacuum and helium connection throughout the system
to the back of the core (see Figure 2.5). The 3-way valve between the brine
and CO2 Isco pumps should be turned toward the brine Iscos. The brine
Isco can now be run in constant pressure mode at a pressure of 1 bar. This
assumes the Iscos have been properly zeroed while at vacuum, if not the
pressure offset must be taken into account when entering the desired pressure.
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When the air valve to the Isco pump opens the pressure in the Isco will quickly
drop to just above the vacuum pressure. The pump will then fill the system
and the core. While high permeability cores will saturate completely with
brine in minutes, low permeability cores will take many hours to fill. The





where µ is viscosity, L is core length, k is permeability, ∆P is the pressure
drop into the vacuum, and φ is porosity. For water saturating a 20 cm P3C
core with a permeability of 12 mD and a porosity of 40% at 1 bar this gives
a time of:
Tf =
(10−3 Pa · s)(0.1 m)2(0.4)
(1.2 · 10−14 m2)(105 Pa) ∼ 3 · 10
3 s ∼ 1 hour (3.2)
Saturating a 20 cm P3C core under vacuum with brine requires about 1 hour,
and is doubled to 2 hours to provide a safety factor. After this amount of
time pressure should be incrementally increased to about 10 bars to ensure
that the core is fully saturated, including the smallest pores. As this step has
the potential to exceed the rated pressure of the 10 bar P3TCP transducers,
the ball and needle valves to both P3TCPs should be closed. The pressure
setting on the brine Isco pump running in constant pressure mode should now
be increased in 1 bar increments to 10 bars, pausing for about 10 minutes
at each step. At higher pressures, pressure increments can be increased to
2–3 bars between 5 and 10 bars, so, e.g., pressure is stepped up as 1, 2, 3,
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4, 5, 7, 10 bars, with shorter times between steps at higher pressures due to
the smaller percentage change in pressure. After pressure is stabilized at 10
bars for 5-10 minutes, it is decreased back down to 1 bar. The core is now
saturated with air-free brine and sitting at atmospheric pressure.
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Experiments
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3.8 Experimental Overview
3.8.1 Brine Permeability
A series of brine permeability measurements are made at the beginning of
each experiment. First, brine permeability is measured at atmospheric pres-
sure, with a radial effective stress matching the intended effective stress at
high pressure. Thus, for experiments with a 100 bar pore pressure and 135 bar
radial stress, the equivalent jacketing pressure is 36 bar. Next, brine per-
meability is measured at atmospheric pressure and full jacketing pressure,
135 bar, to see if there is any effect on permeability from different applied
radial stresses. Finally, brine permeability is measured at high pressure:
100 bar pore pressure with 135 bar radial stress. Brine permeability experi-
ments consist of a series of increasing steps in brine flow rate followed by a
matching series of decreasing steps in flow rate, with permeability calculated
from a least squares linear fit to the slope of the data. This permeability
is then used as the base line for the subsequent CO2 relative permeability
measurements.
3.8.2 CO2 Relative Permeability
CO2 core flooding begins at a low flow rate. Flow rate is increased with
geometric spacing to about 10 mL/min, then increased linearly by about 5
mL/min to a typical maximum flow rate of 30–40 mL/min. Flow at each
step proceeds until pressure stabilizes and the pressure drop across the core
is then recorded. Relative permeability is taken as the slope of flow rate
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vs. pressure drop. Endpoint drainage CO2 relative permeability is taken at
the highest flow rates. During the experiment 4-wire impedance is measured
across the core. Brine eﬄuent is collected in high pressure sampling contain-
ers for both residual saturation measurements, as well as brine geochemistry
measurements by ICP spectroscopy.
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3.9 Brine Permeability
3.9.1 Low Pressure Brine Permeability
Brine permeability experiments begin with the Isco brine pumps connected
to the front of the core by turning the appropriate valves to select the brine
Isco and to select flow to the front of the core. The valve at the back of the
core is opened to the atmosphere with an appropriate container to collect the
eﬄuent brine. The 10 bar pressure transducers are selected in the VI. It is
imperative that a pressure of 10 bars is never exceeded at the front of the core
during a low pressure experiment, as this could break the relevant transducer.
Laminar flow must be strictly maintained to prevent any turbulence from
affecting the permeability measurement. For creeping flow in porous media
this condition requires Reynolds number to be maintained below 0.5. This
sets the maximum injection rate into the core. Flow proceeds in evenly
spaced steps from 0 up to this maximum flow rate and then back down to
0, with perhaps 7 flow rates, e.g., 0–24 mL/min with 4 mL/min steps for a
higher permeability core and 0–3 mL/min with 0.5 mL/min steps for a lower
permeability core.
The VI includes graphs of flow rates, Reynolds number, measured vs. pre-
dicted pressure drop and permeability, as well as controls to change flow rate,
record the pressure drop for a given flow rate, or store a permeability data
set. The VI automatically records all data collected at regular time stamped
intervals. All appropriate core constants such as length and diameter should
be entered correctly. Similarly, the temperature and brine salinity should be
selected. The VI includes appropriate data handling to automate correcting
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for pressure transducer offsets. The experiment begins by recording pressure
transducer offsets. Furthermore, the first permeability data point is recorded
while at 0 flow rate. The experiment proceeds by making a step change in
flow rate, waiting until the pressure drop has stabilized, and then recording
the pressure drop. This is repeated until the maximum flow rate, then flow is
stepped back down to 0 flow rate in symmetrical steps. Three permeability
measurements are made at a given pore/radial pressure to ensure repeata-
bility and error bars. A screenshot is taken for record keeping to accompany
the raw data. This procedure is performed twice: once for a radial pressure
of 35 bar and again for a pressure of 135 bar. Fluorinert pressure is controlled
by the VI as well.
The ball and needle valves protecting the low pressure transducers are
closed after the low pressure brine permeability has been measured. This is
an ideal time to sample brine for geochemistry via the bypass line.
3.9.2 Increasing System Pressure
The same procedure is now repeated at high pore pressure, 100 bars, but
first the system pressure must be increased. For high pressure experiments
the 3-way valve at the back of the core is turned to direct eﬄuent to the
back pressure regulators and sampling system. The high pressure transducers
should be selected in the VI. With the valves to the 10 bar transducers closed
and the fluorinert radial jacket set to 135 bars, the system pressure is raised
to 100 bars in the same manner as during the brine saturation procedure.
The brine is allowed to flow through the control panel so that it enters the
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core from both front and back by setting the valves appropriately (see the
brine saturation section above). Brine should also be allowed to fill the back
pressure regulators and eﬄuent vent line, with the needle valves at the vent
closed. The back pressure regulators should be fully opened during this
process. The system pressure should then be increased using the brine Isco
pumps in increments from 1 to 100 bars over about 10 minutes, with smaller
steps of 5 bars at lower pressures, rising to 10 and then 20 bars at higher
pressures. The system should be allowed to sit at about 100 bars for 5–10
minutes to stabilize.
Next, the back pressure regulators must be set to control system pressure
for a flowing system. The manual pressure regulator should be closed nearly
all the way. The valve leading to the core should be turned to the closed
position so that flow bypasses the core via the control panel directly to the
back pressure regulators. The brine Isco pumps are now stopped and run in
constant flow rate mode at a low flow rate, e.g., 1 mL/min. The needle valve
on the eﬄuent is opened so that brine will now exit the system into a waste
container. The manual back pressure regulator should now be decreased until
the pressure gauge reads about 90 bars (1300 psi). Next, the ER3000 setpoint
is electronically set to 100 bars. With the pressure increased to a little above
100 bars, the eﬄuent needle valve is turned off and the brine Isco pump flow
is turned off. The valves leading to and from the core are now turned so that
flow is directed through the core. Pressure offsets should now be taken at
3 representative pressures by setting a pressure on the brine Isco, allowing
it to stabilize, then shutting off the valve at the front of the core to isolate
the core, allowing eﬄuent to leave the system as needed. Pressure is allowed
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to stabilize for several minutes before recording the pressure offset. This is
repeated until a pressure offset has been recorded at pressures representative
of the experiment, e.g., 98, 100, 102 bars. The pressure offset should be
roughly linear with pressure varying on the order of 100s of Pa. The system
will slowly lose pressure as trace amounts of water leave the system, with
microliters of fluid loss corresponding to easily measurable pressure losses.
However, the system should be generally stable and filled with brine at high
pressure, offsets should be set, and the back pressure regulators set to control
pressure.
3.9.3 High Pressure Brine Permeability
The identical procedure as above is used to measure permeability at high
pressure. The valves should be set so that flow is through the core. The
needle valve at the eﬄuent vent line should be opened. The brine Isco pumps
should be run in constant flow rate with the same series of increasing and
then decreasing flow rates as above. The same protocol should be followed,
with the permeability measurement repeated three times. A screenshot is
saved for record keeping.
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3.10 Relative Permeabiilty
3.10.1 Filling the System with CO2
The system must now be prepared for CO2 core flooding. The Julabo tem-
perature bath is set running at the desired experimental temperature. The
back of the system and the core are shut in to prevent pressure from de-
clining. The needle valves to eﬄuent are closed. The valve immediately
preceding the core is closed. The valve selecting between the brine Iscos and
the CO2 Iscos is now turned so that it is closed. CO2 is now used to purge
the system of brine up to the bypass valve on the control panel. This is done
by manually opening the air valve on the CO2 Iscos and allowing liquid CO2
to fill the short piece of line from the CO2 Iscos to the closed valve. The
air valve is then closed so that the CO2 will not all escape. Now the valve
to choose between the brine and CO2 Iscos is turned to connect the CO2
Iscos. The bypass needle valve on the control panel should be closed, with
an appropriately placed waste container to catch the spraying brine that will
be coming from the bypass vent. The valve on the control panel can now be
turned to the bypass. The bypass needle valve should be cracked and slowly
opened all the way to allow water and CO2 to come out. Once all pressure
is out of the line the process of venting CO2 through the line is repeated
to ensure all water is pushed out. The bypass needle valve is closed. The
brine/CO2 selector valve is closed, CO2 is allowed to fill the line between the
pumps and this valve. The CO2 air valves are closed. The valve is turned
to allow the CO2 to fill the lines to the control panel. The bypass needle
valve is opened and the CO2 allowed to vent. The brine that comes out can
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be disposed. After repeating several times until no further brine comes out,
the bypass needle valve can be closed. A CO2 air valve is now opened to
allow liquid CO2 to fill the system up to the bypass valve. The valve that
selects between the bypass and the front of the core should now be closed.
The CO2 Isco pumps should now be run in constant pressure mode at 100
bars. After a minute they will nearly stabilize. They should then be stopped
and run in constant flow mode at a slow rate to maintain about 100 bars
pressure for about an hour to allow CO2 to permeate into valve elastomers
so that CO2 losses stabilize. Typically this means setting a flow rate of about
500µL/min declining quickly to 100µL/min in the first few minutes, followed
by a slow decline to about 10µL/min. After about an hour there will still
be a finite but very small Isco flow rate needed to prevent pressure from
declining in the third, fourth, or fifth digit of the HBM pressure transducers,
but this rate should be very low. A leakage error of 10µL/min on a flow
rate of 10 mL/min is 1:1000 which is well below the experimental precision
and experimental error from other sources. The system should now be filled
with CO2 up to the valve immediately preceding the section of the exper-
iment with the core. The core itself and all the sections after it are filled
with brine. All sections of the experiment are at about 100 bars. The back
pressure regulators should be active and at their appropriate set points. The
relative permeability experiment can now begin.
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3.10.2 CO2 Relative Permeability
Three things happen in close succession at the beginning of the CO2 relative
permeability flood. First, the CO2 Iscos are set to a finite constant flow rate,
based on whatever minimum flow rate has been chosen for the particular
experiment. Second, the bypass/front of core selector valve on the control
panel is now turned to allow flow to the front of the core. Last, the 3-way
valve after the back pressure regulators is turned so that flow proceeds to
the first sampling container in the sampling system.
Samples are parsed according to flow rate and within flow rate. Generally,
an equal number of samples are taken for each flow rate so that, e.g., for 5
flow rates each flow rate will be sampled by 4 sampling containers. The ex-
ception is the first sampling container which is allowed to collect for a length
of time necessary for the initial flow rate to displace a volume equal to the
previously measured dead volume (∼ 18 mL). A program has been written
with Matlab to predict the breakthrough times and water saturations at a
given flow rate, and, therefore, an estimate of the expected sampling times
and sample collection is made. Flow is always allowed to proceed for twice
the estimated breakthrough time to ensure flow has stabilized. After this it is
considered that no appreciable amount of brine is being produced and after
the final sampling container within a flow step has filled, eﬄuent is all CO2
and diverted to vent until pressure stabilizes. Because brine and CO2 are not
saturated before the experiment, evaporation of water into the CO2 is a cause
for error as it disrupts the orderly capillary pressure-controlled pore occu-
pancy throughout the core that is the foundation of the relative permeability
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measurement technique. Therefore, each flow rate cannot continue indefi-
nitely. However, it is generally found that pressure will reasonably stabilize,
at which point the pressure drop for the given flow rate is recorded, and
CO2 flow rate is then increased. Flow rates are increased incrementally with
geometric spacing by multiples of 2–3 up to flow rates around 10 mL/min,
followed by linear increases of about 5 mL/min to higher flow rates. The
Isco pump refill cannot handle flow rates faster than about 30–40 mL/min
and will cause the experiment to end.
Flow Rates
The relative permeability measurement technique is based on a matching
capillary end effect at adjacent flow rate data points. Measurements at the
highest flow rate will have similar end effects because pressure is already
elevated sufficiently that residual saturation has been reached, and so there
is a negligible saturation change, i.e. no change in end effect, for increased
flow rates. At lower flow rates taking the slope between adjacent data points
provides a relative permeability that conflates the end effect and saturation
of two different viscous pressure drops corresponding to different capillary
pressure drops. The change in pressure drop between measurement points
must be above the signal noise, which for CO2 and brine is very high. There-
fore, a relatively large flow rate change is required to produce a pressure
change large enough to have distinct data points, and so data points must
be moderately spaced.
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3.11 Post Experiment
3.11.1 Decreasing System Pressure
After the CO2 Isco pumps cut out, the sampling system should be fully
closed to safeguard all samples until venting. The system pressure can be
slowly decreased via the eﬄuent vent. Pressure should not be decreased
too quickly to give CO2 time to permeate out of the rubber sleeve. The
back pressure regulators are used to decrease pressure in reasonably spaced
increments over perhaps an hour. Buna-N has been found to not bubble from
CO2 while Viton has had problems. System pressure should be brought down
to atmospheric pressure. Valves should then be set to connect the system
and valves to the atmosphere opened so that CO2 desorbing from the core
and the rubber sleeve can vent and not build pressure. If the core is shut
in significant pressures can build. Pressure monitoring should continue to
ensure safety.
3.11.2 Core Holder Disassembly
Core holder disassembly is straight forward and the reverse of assembly. With
all sections depressurized and emptied of fluids, all connections can be broken.
The fluorinert connections should be capped off to prevent leakage of the
small amount remaining. If full disassembly is required be sure to drain this
fluorinert so it does not make a mess. The core holder is carefully rotated and
placed horizontally in the wooden blocks, with care taken to avoid damaging
the impedance terminals. With the core holder horizontally in the wooden
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blocks, the first set of end caps are unthreaded and the distribution plugs
are pulled out. A vacuum may need to be applied to the annular space in
the same manner as during core holder assembly. The core is pushed out
using the Teflon rod and placed in a clean plastic bag for potential later
analysis including thin section optical and SEM imaging, mineralogy, and
core analysis such as grain density and porosity. If there are excessive CO2
bubbles in the rubber sleeve, it will need to be changed out, necessitating
full core holder disassembly and soldering new connections to the impedance
terminals on the new rubber sleeve. If the rubber sleeve does not have
any CO2-induced bubbles, it is not necessary to disassemble the core holder
further and the rubber sleeve can remain on the end caps. A new core can
now be inserted and assembly for the next experiment can begin.
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3.12 Sample Venting & Extraction
3.12.1 Safely Disconnecting Sampling Containers
The sampling containers must be weighed before being vented. Before the
quick disconnects can be safely disconnected, pressure must be lowered through-
out the sampling system to a safe level. This is accomplished by venting each
quick connect with the ball valve to each sample container closed to prevent
any sample release. With the vent needle valves open, the 3-way HL valve to
the sampling system is turned so that it faces neither the vent nor the sam-
pling system and, therefore, connects the back pressure regulators to both
the vent and the sampling system. This has the advantage that the pressure
gauge or the HBM pressure transducer can be used to monitor vent pressure.
The 3-way valve in the control panel that leads from the back of the core
should be turned to face the vacuum/He line so that high pressure from the
sampling system does not propagate back into the rest of the system. Now
each 3-way valve on the sampling system is turned in series so that each of
the quick connects is vented. With the sampling manifold now safely at at-
mospheric pressure, the sampling containers are disconnected, weighed, and
reattached.
3.12.2 Sample Venting
Now each of the sampling containers is vented. The 3-way valves on the sam-
pling manifold are turned in series so that each of the sampling containers is
vented, with the ball valve on each sampling container opened during venting.
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Care should be taken that pressure has returned to ambient before connect-
ing to a new sampling container to prevent pressurizing any unpressurized
containers. Sampling containers with large amounts of CO2 will freeze after
having vented only a small fraction of the CO2, with ice condensing on the
outside. These cylinders will require multiple cycles to vent. To speed the
process the ball valves are closed and a heat gun used to warm the sample
cylinders back to room temperature or slightly hotter. After letting the cylin-
ders cool to room temperature they can be vented again. This is repeated
several times until all the cylinders can be opened to vent without a pressure
increase or venting. The ball valves are now closed to shut in the samples.
The sample containers are disconnected and then weighed.
3.12.3 Sample Extraction
The samples must now be extracted. The best method found thus far is
labor intensive but works. A syringe with a luer lock tip connected to a
luer lock/barbed tip is connected to a small length of 1/8” plastic tubing.
The tubing is then fitted over the male quick connect fitting. The ball valve
is opened and with the sampling container inverted so the brine sits at the
bottom, the syringe plunger is withdrawn to pull in fluid. The syringe can be
used to push in a small amount of air to actively push out fluid. The extracted
brine is stored in a 15 mL ICP-clean test tube, appropriately labelled. With
all the brine extracted, a couple milliliters of 2% nitric acid diluent containing
a Y tracer is used to wash out the inside of the sampling container. These
steps must occur in the fume hood. The nitric acid diluent sample container
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wash is repeated to ensure that the sampling container is clean. The sampling
container should now have had all brine and any dissolved species removed
and is ready for the next experiment. Once all sampling containers have been
emptied they can be returned to the sampling manifold. This process takes
several hours.
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Analysis
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3.13 Relative Permeability Analysis
Relative permeability is calculated by fitting a slope between points on a
graph of pressure drop across the core, ∆P , vs. flow rate, Q. Mathematically,
a least squares linear fit is fitted to at least a pair of data points of ∆P vs.
Q. While the experiment allows the operator to record pressure drop at each
flow rate, it has been found that a detailed analysis of the pressure data after
the experiment is necessary.
3.13.1 Igor Pro
The data is first imported into Igor Pro and the data reviewed and if neces-
sary synchronized by the time stampsEˆincluded at each time step for all the
recorded data. Flow rate vs. pressure and flow rate vs. pressure drop are
plotted and the entire experiment reviewed. The beginning and end of each
flow step are recorded in a table. A custom written Igor procedure parses the
data according to this table and fits a local regression (loess) to this data.
A reasonably representative pressure drop is recorded based on either the
loess, or more typically visual recognition that the pressure data is stable for
a reasonable length of time toward the end of a flow rate step. The beginning
of a flow rate is often stable but, of course, the system has not yet adjusted
to the new flow rate. The end result is a table with pressure drops at each
flow rate.
Several more sophisticated methods of analysis were tried and discarded
including other means of data averaging, as well as an assortment of statis-
tical measures including a variety of nonparametric statistical measures. A
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predictive ‘badness’ algorithm was written to flag data according to known
physical predictors such as rapid system forward or back pressure changes,
changes in flow rate. This data could then be ignored or differently weighted.
This method was successful in flagging causally-linked problems in the data
and could produce a data set with greatly reduced variability. However, this
algorithm did no better and sometimes worse than manually noting such er-
rors and then looking at only the stable portions of data with a loess fit for
local smoothing.
3.13.2 LabView
A custom written LabView VI is used to fit a least squares linear fit to
the pressure drop vs. flow rate data imported from Igor Pro. The VI is
written so that more than one relative permeability fit can be made and
any continuous subset of data of any length can be fit. It is often found
that a slope between two data points produces unreasonably values but that
a fit to three or more data points clearly fits all the data with deviations
from the fit being very small and caused by the random noise associated
with the measurement. Deviations in the pressure drop of a few percent
can locally produce unreasonable relative permeability values but still be
perfectly reasonable when analysis is done over several data points. The
endpoint relative permeability is reported from a data set that includes the
last pair of data values.
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3.14 Saturation
3.14.1 Sample Masses
The sample mass before venting minus the sample mass after venting provides
the mass of CO2 collected and vented. The sample mass after venting minus
the tare mass before the experiment provides the mass of the collected brine,
from which average saturation is calculated. Calculations are handled in
a spreadsheet. While sample container and flow rate changes should be
reported correctly, the raw flow rate data files are consulted to be certain
what flow rate eﬄuent is in each sampling container. With the eﬄuent parsed
into finite sample cylinders, average brine saturation is known at each flow
rate. The dead volume lag must be incorporated into the data reporting,
but typically a dead volume worth of CO2-only eﬄuent will pass through
the system while waiting for it to stabilize at each flow step. The known
dead volume mass is subtracted from the mass of the sample collected in the
first cylinder. The total volume of brine in the core is calculated based on
the known core length, diameter, and porosity. Porosity is measured in a
pycnometer at ambient pressure, while the experiment is performed at 100
bars with an effective stress of 135 bars, almost certainly changing the actual
porosity. The error in the porosity measurement is, therefore, likely at least
as large as the error in any of the other measurements being made.
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3.14.2 LabView
A custom written LabView VI is used to fit a least squares linear fit to the
pressure drop vs. flow rate times average CO2 saturation data. The VI
calculates relative permeability and saturation between all the experimental
data points based on pairs of adjacent flow rates. As above, minor devia-
tions in local pressure vs. flow rate will be glaringly obvious in the relative
permeability data but disappears if a greater number of adjacent points are
fit. The endpoint CO2 saturation is reported from a data set that includes
the last pair of data values.
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3.15 ICP Analysis
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